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ABSTRACT 

 

 

Carbon fiber (CF) reinforced epoxy composites are the most widely used fiber reinforced 

polymer composites (FRPs) in aerospace, automobiles, lightweight structures and many other 

industries. Properties, like, high strength and stiffness, coupled with low density, corrosion and 

fatigue resistance, make it better as compared to the conventional metallic counterparts. Despite 

these advantages, the anisotropic properties of FRPs and the brittle nature of the matrix often results 

in delamination and premature failure of structures. Hence, there is a need to improve the transverse 

and out of plane properties, without sacrificing the axial properties and maintaining low weight. The 

interfacial interaction between CF and epoxy has to be strong to achieve this. A number of 

techniques have been adopted to strengthen the interface, most of which involve modifying CF 

surface. Studies on modifying the matrix using nanofillers is quite limited, due to the difficulty in 

dispersion. Hence, this study aims at modifying the epoxy matrix using carbon nanofillers, as they 

have similar surface chemistry and properties as CF. It also focuses on improving the dispersion of 

carbon nanofillers inside epoxy matrix, by taking advantage of the synergy that exist among 

nanofillers having different morphologies. 

Thus, the overall aim of the current research is to explore the potential of synergistic effect 

of carbon nanofillers, with different morphologies, on CF epoxy composite for structural 

application. The carbon nanofillers of interest here are carbon nanotubes (CNT) with 1D structure, 

graphene (Gr) with 2D shape and nanodiamond (ND) with 3D morphology. The potential of ND, as 

a reinforcement to epoxy matrix, is investigated and compared with CNT and Gr, in terms of 

mechanical and thermal properties for a range of content 0.1-1 wt%. ND improves tensile strength 

(56%), elastic modulus (94%), hardness (470%) and % strain (66%) of epoxy, simultaneously, 



 

 
ii 

 

which is very remarkable as compared to Gr or CNT. Investigation on fractured surface of CNT-

epoxy and Gr-epoxy composite revealed agglomeration as the prime reason behind the restricted 

efficiency of the reinforcement phases. Nanodiamonds showed great reinforcement efficiency to 

epoxy matrix. NanoDMA was performed on ND-epoxy composite to assess and understand the 

micron level phase distribution of ND in epoxy matrix and its effect on mechanical properties.  The 

spherical morphology of ND has less tendency to agglomerate. So, its positive contribution towards 

dispersion, in binary combinations with CNT and Gr in epoxy composite, is investigated.  Both 

mechanical and thermal properties are improved for CNT- epoxy and Gr-epoxy composite with the 

addition of ND, due to the improved exfoliation. No agglomerations were seen even at much higher 

reinforcement content. The improved exfoliation of Gr, with addition of ND, is quantified through 

scanning probe microscopy (SPM). Its effect on toughening behaviour of epoxy was predicted 

through numerical analysis, which were in good agreement with experimental results. 

After verifying the potential of ND, as an individual reinforcement and in binary 

combination, its role in boosting the synergy between Gr-CNT hybrid is investigated. Addition of 

ND to Gr-CNT hybrid helped in achieving a well exfoliated close knitted 3D network of 

reinforcement, which improved both tensile strength and fracture toughness quite significantly. This 

well exfoliated close knitted 3D network of nanofiller is then added to epoxy matrix. The CF 

laminated composite, fabricated through vacuum assisted resin transfer technique, using 3D network 

of nanofiller modified epoxy matrix. It is then evaluated for mechanical, thermal and interfacial 

properties. Improvement in interlaminar fracture toughness by ~260% and interfacial shear strength 

by ~16% with the addition of 3D network of nanofiller establishes the potential of the approach/route 

followed. 
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                                                                                               CHAPTER 1 

INTRODUCTION 

 

Fiber reinforced polymer composites (FRPs) are widely used polymer matrix composites 

(PMCs) in applications, such as, aerospace, automobiles, lightweight structures and many more. The 

major advantage of using FRPs is their high strength to weight ratio, corrosion and fatigue resistance, 

which is much better as compared to the conventional metallic counterparts.  Carbon fibers (CFs) 

are the most widely used class of fibers for structural application, due to their high specific strength, 

stiffness, high fatigue resistance, low coefficient of thermal expansion etc. However, the macro-

sized fibers, with their specific orientation, often result into anisotropic properties in the composites 

structures. The fiber orientation in structural composite structures is usually in x- direction and y-

direction, leading to fiber dominated material properties in these directions, whereas the z-direction 

remains matrix dominated. The conditions that leads to delamination can vary from out-of-plane 

tensile loads to in-plane compressive loads, with crack initiating at structural discontinuities such as 

edges, notches, voids or impurities/foreign particles [1].  

Thermoset resins are the most widely used class of polymers for fabricating fiber-reinforced 

structures for structural applications. They are generally stiffer, stronger and cost-effective as 

compared to their thermoplastic counterparts [1]. Epoxies are one of the most preferred thermoset 

resin for matrix material of PMCs for structural application. Low density, higher stiffness, good 

adhesion to most reinforcements, high thermal stability, low shrinkage, low moisture absorption and 

ease of processing makes them the most suitable choice. However, the biggest drawback is their 

brittle nature.  
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Carbon fiber epoxy composites have a wide variety of structural applications [2-4]. The 

properties essential for such applications include high strength, toughness, shear strength both along 

axial and transverse direction of fibers. There are different factors that decide the performance of 

composites, which include the mechanical properties of the matrix, individual CFs, as well as, 

sheets, fiber-matrix interface, and processing conditions [5]. Since the load in the composites is 

transferred from the matrix to the fiber through the shear stress, the control of the fiber-matrix 

interface is crucial in ensuring good interfacial shear strength (IFSS), interlaminar shear strength 

(ILSS) and interlaminar fracture toughness (ILFT). For a composite to perform well, the interfacial 

bonding between the CF and polymer should be higher than the cohesive bonding of the matrix [6, 

7]. Interface is the one that controls the improvement in properties of the composite structure. Thus, 

properties are often inferior due to the inherently poor interfacial bonding between CF and epoxy. 

This is a major drawback of CF epoxy composite that has been there for years. 

Over the years, a lot of research has been done to overcome this drawback. The conventional 

methods to improve interfacial bonding of CF and epoxy include modifying or treating CF surface. 

Sizing (application of polymer to CF surface), acid modification, electrochemical modifications, 

plasma surface, high energy irradiation, thermal modification, ozone treatments, etc. [8-10] are the 

most commonly used techniques for fiber surface treatment. However, the discovery of nanofillers 

has attracted the interest of researchers in the field to use submicron to nanometer level 

reinforcement phases. The advantage of nano-scaled filler, over micro-scaled fillers, is their very 

high surface area, which can act as an interface for stress-transfer. Widespread availability and 

excellent properties make carbon nanofillers the most preferred choice for this purpose [11-13]. The 

addition of carbon nanofillers into CF- epoxy composite have been reported to offer promising 

results in improving the properties, like interlaminar fracture toughness (ILFT) [14, 15], interlaminar 
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shear strength (ILSS) [8, 14-19], tensile strength [20, 21], fatigue life [22] etc. [8, 9, 15, 18-21, 23, 

24]. 

There are two different approach for incorporating nanofillers in the CF-epoxy system, 

namely, growing/grafting/depositing/coating or nano-engineering CF surface and then using it as a 

reinforcement to the composite system.  Nano-engineering the surface of the CF reinforcement is 

one of the most common approach. There are different techniques used to achieve nano-engineered 

CF surface, e.g., carbon vapour deposition (CVD) [25], electrophoretic deposition [19, 26, 27], 

chemical grafting [28-32], dip coating [18], graphitic structure by design (GSD) [22, 33] etc. 

However, biggest limitation of these approaches that involve modifying fiber surface is degradation 

in fiber properties due to fiber damage. Apart from that, difficulty in scaling up the process and too 

many parameters to control, limits the practical application of these techniques for structural 

application. 

The other approach, is to add or disperse the carbon nanofillers throughout the matrix of bulk 

composite. However, the mechanical behaviour of such nano-phase reinforced composites greatly 

depend on the quality of distribution. As, it dictates the interaction of reinforcement phase with 

matrix and the homogeneity of the cumulative response towards mechanical loading. The high 

tendency of agglomeration, in nano-size entities, make the task of dispersion even more challenging 

and limits their efficiency as a reinforcement. Different techniques and dispersing mediums have 

been adopted to improve dispersion, namely, functionalization of nanofillers, use of gamma 

radiations to activate nanofillers, etc. Damage to nanofillers shape and size, residue chemicals 

restricted the efficiency of the above mentioned techniques. However, a new approach that utilizes 

the synergistic effect of addition of Gr and CNT together on dispersion [34-38]. This approach is 

quite simple and clean. However, there are only few studies reported so far and these are also very 
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limited in approach, especially with binary combinations i.e. carbon nanotube (CNT) and graphene 

(Gr) or its derivatives. None of the studies are done systematically, by first optimizing the nanofillers 

content with single filler, followed by studying binary filler for different ratios. Further, the 

entanglement of CNTs, due to fiber like morphology, is seen to limit its contribution in dispersing 

Gr. Addition of another nanoparticle that can improve the synergy between Gr and CNT can 

overcome this limitation.  

Nanodiamond (ND) is the most suitable candidate to improve the synergy between Gr-CNT 

hybrids. Small size, similar surface chemistry and mechanical properties as Gr/CNT and the particle 

like morphology that has a less tendency to show severe agglomeration. The spherical shape is less 

favourable for a reinforcement phase especially for the applications that require high tensile strength 

and fracture toughness. So, before investigating its potential in improving the synergy of Gr-CNT 

its efficiency as a reinforcement to epoxy needs to be investigated. Also, the synergy of ND with 

CNT and Gr in binary combinations needs to be assessed. 

Therefore, the aim of the research, carried out and reported in this thesis, is to investigate 

and reveal the potential of synergistic effect of carbon nanofillers with different morphology, 

namely, CNT (1D), Gr (2D) and ND (3D) on CF epoxy composite for structural application, in terms 

of mechanical, interfacial and thermal properties. This overall objective can be achieved through 

following specific objective: 

 Modifying epoxy matrix and evaluating its mechanical and thermal properties as a function of 

 Different morphologies of nanofillers 

 Different combinations of nanofillers i.e. binary and ternary combinations 

 Evaluating the distribution of nanophase reinforcement in polymer matrix through FE-SEM, 

TEM and their behaviour during loading through nanoDMA and numerical analysis 
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 Revealing the synergy between different nanofillers for various combinations through high 

resolution electron microscopy and SPM 

 Establishing a suitable fabrication route for hybrid multiscale carbon fiber reinforced composite 

with modified nanofiller reinforced epoxy matrix 

 Comparative evaluation of multiscale carbon fiber reinforced composite with modified 

nanofiller reinforced epoxy matrix with that of only carbon reinforced composite in terms of 

mechanical and thermal properties 

The plan of research work is illustrated in the flow chart shown in figure 1. The dissertation 

has been arranged in different chapters, sections and subsections to present a clear picture about the 

background and the state of the art; the methods adopted in this study; the analysis of the outcomes 

with scientific interpretation and the future scope of research and improvement.  

Chapter 1 contains a brief introduction on FRPs, carbon nanofillers, CF and epoxy. It also includes 

current research and developments on carbon fiber reinforced epoxy composites and objectives of 

the present study.   

Chapter 2 provides a comprehensive literature review on this topic. It also highlights the research 

areas that have not been paid much attention yet and the scope of present work based on literature. 

Chapter 3 presents the detailed account of the methodology adopted in this research.  

Chapter 4 provides explanation of results and scientific analysis of outcomes in context with 

objectives of this research. 

Chapter 4.1 investigates and compares the potential of ND as reinforcement to epoxy matrix with 

CNT and Gr for a range of nanofiller content (0.1 - 1wt. %). Composites, containing different 

amount of nanofillers, are synthesized using ultrasonic cavitation (probe sonicator), a strong tool for 

effective dispersion of nanofillers in matrix. Mechanical (tensile and fracture) properties are studied 
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thoroughly. The mechanical properties are analysed in terms of Young’s modulus, ultimate tensile 

strength, % strain (at break), and fracture toughness. Thorough microstructural studies are performed 

to evaluate dispersion, strengthening, and toughening mechanisms operating. Dynamic mechanical 

analysis (DMA) is used to study the effect of temperature on mechanical properties, like, storage 

modulus, glass transition temperature and damping capacity of the composites as a function of 

different reinforcement types and content. Thermogravimetric analysis (TGA) was done to study the 

thermal stability of epoxy with different reinforcement type and content. The results obtained from 

all the tests are thoroughly analysed to comprehend the individual effect of each of these nanofillers, 

on the performance of the composites during service in structural applications. 

Chapter 4.2 has taken an initiative to understand the distribution of nanophase reinforcement in 

polymer matrix and their behaviour during loading, using 2D modulus mapping. The composite 

system, being studied here, is a nanodiamond reinforced epoxy matrix. Modulus mapping gives an 

idea of distribution of nanodiamond in matrix, in terms of spatial distribution of micron level higher 

modulus regions in the composite structure. The modulus mapping studies have been carried out on 

composites with and without application of uniaxial tensile stresses. The analysis of the maps has 

been carried out to reveal the role of nanodiamond on the mechanical behaviour of the epoxy matrix 

and the evolution of distribution of the former with application of stress. The stiffening effect of 

nanodiamond dispersed in epoxy matrix was evaluated through FEM of representative volume 

element (RVE). The predicted results were then compared with the experimental results obtained 

from the nanoindentation.  

Chapter 4.3 reveals the synergistic effect of addition of ND on CNT and Gr in binary combinations 

of nanofillers, using very simple, easily adoptable and scalable technique, i.e. ultrasonication. The 

extent of exfoliation, with binary combinations of fillers, as compared to unary fillers, was verified 
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through FE-SEM and TEM. The capacity of synergistically exfoliated binary fillers, as a potential 

reinforcement to epoxy matrix, is then explored in terms of mechanical properties. Tensile test and 

fracture toughness test were performed for composites to evaluate their mechanical performance. 

The fractured surfaces of the tensile samples were investigated through FE-SEM to give insight of 

dispersion, interfacial interaction of fillers with matrix and active strengthening mechanism.  

Chapter 4.4 explores nanodiamonds assisted exfoliation of graphene and its effect on toughening 

behaviour of epoxy. High quality exfoliated Gr sheets, decorated with ND particles is obtained, 

which is confirmed through FE-SEM, TEM and SPM. High resolution electron microscopy gave a 

qualitative confirmation of the role played by the ND in hindering restacking of graphene by 

restricting the π–π stabilization. While SPM, quantitatively confirmed the same by giving thickness 

distribution both before and after exfoliation in the presence of ND. The toughening effect of ND 

assisted exfoliated Gr dispersed in epoxy matrix, evaluated through experiment is also in 

concurrence with results predicted using finite element method (FEM). 

Chapter 4.5 investigates potential of ND in improving synergistic effect of Gr-CNT hybrid and 

there after its potential as a reinforcement to epoxy matrix is explored. In depth TEM and FE-SEM 

analysis of fillers at different stages of exfoliation, with different combinations of nanofillers are 

investigated. Once the desired exfoliation was achieved, the composite was fabricated and tested for 

mechanical properties. The fractured surfaces of the tensile samples were then assessed through FE-

SEM to get insight of dispersion, interfacial interaction of fillers with matrix and thus validating the 

differential mechanical properties across compositions. 

Chapter 4.6 aims to investigate the effect of addition of this well exfoliated close knitted 3D 

network of Gr-CNT-ND into the epoxy matrix of a conventional carbon fiber-reinforced composites. 

Thorough evaluation of mechanical properties, which include tensile test, interlaminar shear 
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strength, interlaminar and intralaminar mode I fracture toughness, were conducted to investigate the 

effect of addition of 3D network of Gr-CNT-ND on interfacial properties of CF-epoxy composite.  

In depth fracture surface analysis, through FE-SEM, was carried out to get an insight into the active 

strengthening and toughening mechanism in the interface as well as matrix regions of the laminated 

composites structure.   

Chapter 5 presents overview of the main outcomes with the key points of the research  

Chapter 6 presents future scope of research  
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter gives a comprehensive summary of the available literature on carbon nanofiller 

modified carbon fiber epoxy composites, for structural applications. It starts with a brief 

introduction to the most commonly used carbon nanoparticles as a filler to polymer matrix, followed 

by the techniques used for successfully integrating carbon nanofillers to the CF epoxy composite. A 

detailed description of the effects of the carbon nanoparticles on interfacial bonding and mechanical 

response of different carbon nanofiller CF-epoxy system is also covered. In-depth review and 

analysis of the past and on-going research in the field helped in finding the areas that need attention 

and led to the planning of this study. 

2.1 Introduction to Fiber Reinforced Polymer Composites  

Composites are being used as an increasingly attractive alternative to the conventional 

counterparts [39]. The requirement of light weight in structural applications have created the demand 

of polymer matrix composites (PMCs). Outstanding mechanical properties, corrosion resistance, 

improved fatigue life along with light weight are some of the properties, which have increased the 

use of fiber reinforced polymer composites (FRPs), over their conventional counterparts, in 

automobile, marine, aeronautical, defense, sports and construction industries. Carbon fiber is one of 

the strongest and extensively used fiber available for reinforcing polymer matrix for structural 

applications. High strength and stiffness, coupled with low density, high chemical resistance, low 

coefficient of thermal expansion, better fire resistance etc. makes it superior to other commercially 

available options [35]. However, the major limitation of CF is its non-polar surface, chemical 
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inertness, surface lipophobicity, smoothness and less adsorption, which lead to weaker bond with 

the matrix material [6, 41, 42].   

Thermoset resins are the most widely used class of polymers for fabricating FRPs especially 

for structural applications, as they are stiffer, stronger and cost effective than most thermoplastics. 

Epoxy is one of the most preferred thermoset resins, used in matrix material of polymer matrix 

composites (PMCs) for structural application. Low density, higher stiffness, good adhesion to most 

reinforcements, high thermal stability, low shrinkage, low moisture absorption and ease of 

processing makes them the major choice. However, the biggest drawback is their brittle nature, 

which makes FRPs more prone to interfacial or interlaminar failure. 

Over the past few decades, with the improvement in technology, the design limit of 

optimizing composites with conventional micrometer scale fiber reinforcement and resin matrix is 

realized. The limitations, encountered, are macroscopic defects appearing because of the uneven 

dispersion of fibers in the matrix, presence of matrix-rich regions formed in the gaps between the 

fiber in a woven fabric and specific orientation of fibers, which often result into anisotropic 

properties in the composites structure. These defects often are the major causes of material failure. 

Crack originates at reinforcement-matrix interface, and at structural discontinuities such as edges, 

notches, voids or impurities/foreign particles, reinforcement free regions and gradually moves 

forward. Such regions are difficult to reinforce with microscale reinforcement. Therefore, it is very 

difficult to develop composites, consisting of conventional fiber and resin system, to serve to a wide 

variety of applications. 

Addition of nanofillers to the matrix can improve the interfacial properties of CF-epoxy 

composites, due to their high surface area, which can act as interface for stress-transfer, as well as, 

improve the toughness of the polymer matrix.  Due to the higher mechanical properties, offered by 
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materials in their nanoscale forms as compared to their macroscale forms, various nanoscale 

materials have been explored for selective reinforcement of matrix-rich regions [43-47]. However, 

with the discovery of carbon based nanofillers in the recent past, a new approach for fabrication of 

conventional FRP composites is in use, which involves incorporation of carbon nanoparticles. Based 

on their shapes, the most commonly used carbon nanofillers are categorized in three different groups, 

namely, one-dimensional or cylindrical fillers, two-dimensional or sheet particles and three 

dimensional or spherical fillers. The examples for each of these three categories are carbon nanotubes 

(CNTs), graphene (Gr) and nanodiamonds (NDs), respectively.  

2.2  Commonly used Carbon Nanofillers as a Reinforcement to Polymer Matrix  

For last two decades, the potential of CNTs as nanofillers has been examined for wide 

variety of matrices and for various applications [48-59]. High aspect ratios and exceptional physical 

properties of carbon nanotubes (CNTs) make them a potential candidate for improving the properties 

of polymer composites [11, 12, 49]. The introduction of CNTs in the matrix of continuous macro-

fiber reinforced composites gives a chance for combining merits of nanoscale reinforcement with 

that of fiber reinforced composites, in the hybrid multiscale composites structure [60, 61]. Increased 

production and economic feasibility of CNTs [62] with time has increased the probability of 

developing a new generation material having optimum mechanical, thermal as well as electrical 

properties, which represent a good agreement between performance and cost for most applications. 

CNTs, because of their high aspect ratio, great flexibility, outstanding strength and elasticity, 

show a remarkable improvement in mechanical and physical properties of FRPs, while maintaining 

low density and ease of fabrication [63]. But the extent, to which the properties could be improved 

by the use of CNTs, has been restricted due to non-uniform distribution of CNTs in the composite. 
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The reinforcement efficiency depends upon the alignment, content, aspect ratio, extent of dispersion, 

morphology and waviness of CNTs. Therefore, the efficient transfer of excellent properties of CNTs 

into the final hybrid multiscale composites is still a challenging task. Few research groups have 

evaluated the potential of the composite by hybridization of the reinforcement. The mechanical 

properties, like, shear strength, fracture toughness, elastic properties and other important properties 

of the final multiscale composites showed a remarkable improvement [29,30, 64-67]. Thus, they 

have high scope of applications in further reduction of mass and enhancement of electrical and 

thermal conductivity [64].  

Graphene is an atomically thick, two-dimensional (2D) sheet composed of sp2 carbon atoms, 

which are arranged in a honeycomb structure. The first reported method for production of graphene 

nanosheets can be recorded back to 1970s [68]. But, the successful segregation of free single layer 

graphene was reported in 2004, using micromechanical cleavage [69]. With ultimate strength of 130 

GPa and elastic modulus of 1 TPa, single-layer graphene is the strongest material ever measured 

[70]. It registered a thermal conductivity of 5000 W/(m3K), which is so far the highest values 

reported for SWCNT [71]. High electrical conductivity, up to 6000 S/cm [72] and very high surface 

area signifies graphene’s great ability to improve mechanical, electrical, thermal properties of 

polymer. Such excellent properties and the low cost of graphene, as compared all other carbon based 

nanomaterials, have made it a great choice for researchers in various applications [73-76]. A simple 

search with graphene polymer composite as a keyword, using only one common database from 

‘scopus’ since 2005, produced a list of ~12989 publications, out of which ~8407 are from material 

science background. If we further refine our search by using the keyword graphene/epoxy 

composites, ~1795 papers are listed down. 
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The above data gives a clear picture that graphene has been a great area of interest for 

researchers from all backgrounds over the past few decades. Its use for composites due to extremely 

good properties has attracted interest for using it as one of the reinforcement in polymer based 

composite [77, 78]. Graphene has very high surface area, which makes it a perfect option for being 

used as filler in conventional fiber reinforced polymer composite [79]. But, the major problem that 

arises during the fabrication is the improper dispersion of graphene, which adversely affects the 

interfacial interactions between polymer-graphene and the final properties of the composite 

structure. 

Among all carbonaceous nanomaterials, graphene and carbon nanotubes are most widely 

reinforced to epoxy matrix [80-102].   

Nanodiamond (ND) is a spherical shape carbon-based nanoparticle, having sp3 hybridization, 

with an average diameter of 4−6 nm, very large specific surface area of ~250-450 m2/g, high 

strength, stiffness and light weight [103-106]. The spherical shape of NDs (a geometrical feature 

offering an entanglement-free nanoparticle) practically offers maximum interfacial area, as 

compared to platelets and rod like nanoparticle, owing to the agglomerating tendency of these two 

latter ones. Rich surface chemistry, along with high mechanical properties and thermal conductivity, 

makes ND a desirable candidate in numerous applications, such as, composite [107-111], biomedical 

[112-115], electrochemical [116] etc. [117].  

As far as structural applications are concerned, in recent past, there has been a significant 

number of studies focused on incorporation of ND into thermoplastic and thermoset polymers [109]. 

The studies, specific to epoxy matrix [105, 106, 118-130], have used ND as reinforcement, both at 

filler content as low as 0.05 wt% [123] and as high as 47 wt% [119], with and without 

functionalization [105, 118-126, 129, 130]. The composites have been evaluated for mechanical 
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[118, 119, 121-124, 126, 127, 130], tribological [105, 106, 126] and thermomechanical [125, 129] 

behaviour.  

While few of the above mentioned studies claimed agglomeration above 0.1 wt% ND 

loading, some reports claimed up to 30 wt% ND addition, using functionalisation. Uniformly 

distributed ND, having strong interfacial interaction with epoxy, leads to better load sharing and 

provides high resistance to the matrix against deformation. Thus, as seen from the literature, as far 

as tensile and fracture behaviour are concerned, not more than 1 wt% ND loading is found suitable, 

even after functionalization. However, as compared to CNTs or any other carbon based 

nanomaterial, there is limited research conducted on polymeric composite materials containing 

nanodiamonds.  

Carbon based nanofillers can be a solution for imparting isotropic properties in polymer 

based composites. But, the extent to which the properties could be improved by the use of carbon 

based nanofillers, has been restricted due to difficulty in dispersion of these entities in the matrix [6-

8]. Therefore, the efficient transfer of excellent properties of carbon nanofillers into composites is 

still a challenging task. Various dispersion methods, agents, as well as, surface functionalization 

techniques have been used to overcome these issues. However, only partial success has been 

received so far.  

Recently, few studies have come up with a new approach to combine 2D Gr sheets with 1D 

CNTs [34-38]. CNTs are suitable for this purpose due to their long fibrous structure and high 

flexibity, which help in bridging the adjacent Gr [11, 48, 131-133]. The CNTs along with Gr form 

3D structure, which inhibits face to face stacking of Gr, thus increasing the surface area between 

reinforcement and matrix. Various techniques, ranging from sonication [34], three roll mill [35], 

mechanical stirring [38] to growing CNTs on Gr surface through CVD [37], were applied for 
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achieving highly exfoliated entanglement free 3D structure. However, the high aspect ratio, torturous 

tube like morphology and the strong van der Waals forces between CNTs tend to entangle them, 

which restricts their effect in exfoliating Gr and as a reinforcement. On the other hand, once the 

CNTs are grown on Gr surface by CVD, Gr cannot be exfoliated further. As a result, none of the 

above mentioned methods could provide a significant improvement in properties.  

2.3   Different Approaches to Integrate Carbon Nanofillers in a Multiscale Composite 

There are two different approach for incorporating nanofillers in the CF-polymer (epoxy) 

system i.e. growing/grafting/depositing/coating or nano-engineering CF surface and then using it as 

a reinforcement to a polymer matrix. While, the other is to add or disperse them in the polymer 

which is used either as a matrix of bulk composite or the sizing material. 

2.3.1   Nano-engineering the Carbon Fiber Surface   

Nano-engineering the surface of the CF reinforcement is one of the most common approach. 

Interlaminar and interfacial strength is possibly the weakest link for FRPs, with nanofillers oriented 

perpendicular to the interface significant improvement may be sought. There are different techniques 

used to achieve nano-engineered CF surface, however the efficiency of each technique is governed 

by various parameters which is discussed in detail in the sections below.  

2.3.1.1  Electrophoretic Deposition 

Electrophoresis is an efficient technique for the deposition of CNTs, Gr and its derivatives 

i.e. graphene oxide (GO) or reduced graphene oxide (RGO) on CFs surface [19, 26, 27, 134-137]. It 

is quite simple and versatile technique that can be easily up-scaled, automated and used for industrial 

applications. This technique utilizes the ability of carbon nanofillers to respond to an electric field 
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to deposit them on the surface of carbon fibers. As seen from figure 2.1, on applying a dc potential 

between the CF and the counter electrodes, CNTs are uniformly deposited on the surface of CF from 

aqueous CNT dispersions. The negative charge, present on carbon nanotubes surface, is attributed 

to the functional groups, like, carboxylic acid [26], introduced on the CNT surface as a result of pre-

treatment and/or adsorption from the dispersing medium [26]. The negative charge helps CNTs in 

migrating towards the positive carbon fiber electrode and get deposited on the fiber surface (figure 

2.1). This behaviour of CNTs has been widely used for other purposes, like, separating conducting 

and FE-SEM conducting CNTs [134], purification [135] etc. [136]. Giving ultrasonic assistance to 

electrolyte, through bath sonicator, during electrophoretic deposition is seen to improve the amount 

and uniformity of nanofiller deposition on CF surface, as it prevents the trapped gas pockets from 

impeding the deposition [27, 137]. Using this process, the deposition can be achieved both with and 

without the removal of fiber sizing. Electrophoretic deposition process permits deposition of uniform 

films of CNTs on fiber panels, having complex shapes and rough surfaces. Some studies have even 

suggested the electrophoretic deposition of nanofiller on the fiber surface in-situ, to make them more 

efficient [138], as shown in figure 2.2. Post fiber processing electrophoretic deposition leads to 

uneven deposition of the nanofillers, especially when it is a woven fabric [139], as fibers tend to 

overlap each other [26], as shown in figure 2.3. The uneven distribution of CNTs on CF surface 

suggests insignificant improvement in properties. Electrophoretic deposition of graphene oxide 

(GO) on CF surface, even acts as a sizing, as seen from figure 2.2 [27]. Post deposition, the CF were 

annealed and GO reduced to RGO [27].  GO was covalently attached to CF surface through various 

functional groups, which appeared post annealing as confirmed through X-ray photoelectron 

spectroscopy (XPS) [27]. This results in increased surface roughness and covalent bonding between 

CF and RGO, improving the interfacial properties of the RGO-CF epoxy composite. 
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Figure 2.1 (a) Schematic of electrophoretic deposition of CNTs on CF surface, FE-SEM images of 

(b) SWNTs, (c) MWNTs on annealed in vacuum and nitric acid treated CF and (d) MWNTs on as 

received CF surface [26]. 

 

 

Figure 2.2 Schematic of setup for electrophoretic deposition of GO on CF surface (right), FE-SEM 

images of (a) as-received CF, (b) (2 V, 0.02 A) GO-CF, (c) (10 V, 0.11 A) GO-CF, (d) (30 V, 0.27 

A) GO-CF epoxy composite [27]. 



 

 
19 

 

Factors like, applied DC voltage, nanofiller concentration, deposition time, type of pre-

treatment on CF surface, as well as, the morphology of nanofiller, are seen to govern the deposition 

rate on CF surface [26, 27]. The nano-engineered CF structures can then be utilized as a 

reinforcement for structural composites 

 

Figure 2.3 Optical images of CF sheets (a, b) as-received, after electrophoretic deposition of (c, d) 

oxidized carbon nanofibers (CNF) and (e, f) with sizing amidized CNFs [139] 
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2.3.1.2   Carbon Vapour Deposition (CVD) 

CVD is a method, which involves the decomposition of hydrocarbon gases, at relatively high 

temperatures, over catalytically active metallic centres on the substrate surface (figure 2.4). The 

CVD system provides a method for CNTs/Gr growth in different environments, variety of 

temperatures mostly between 650 ⁰C to 1000 ⁰C, pressures which is usually lower than atmospheric 

pressure, variety of catalysts (Fe, Co, Ni, or other transitional metal nanoparticles and alloys), a 

number of hydrocarbon gases, like, methane, ethane etc. as a carbon precursor and different 

substrates (alumina, clays, silicon, graphite etc.) [140, 141]. It is the most widely used technique for 

growing CNTs/Gr on a variety of fiber surfaces. Growing CNTs/Gr by CVD is therefore not a simple 

technique, as there are number of parameters and conditions, like, temperature [140, 142], time 

[140], atmosphere [140], different carbon sources and their flow rates [140, 143-145], type and 

concentration of the catalyst [140, 146] and others [140], which need to be controlled precisely.  

Use of high temperature in CVD might improve the CNT/Gr growth, but it removes any 

sizing, which may have been applied to the fiber surface during its manufacturing, making it 

vulnerable to degradation by CVD reaction. Another drawback of using CVD method is CF surface 

degradation due to catalyst adhesion [140, 147]. The concentration of catalyst is increased to achieve 

higher density of CNTs on CF surface. This, results in few catalyst particles migrating into the CF 

filaments. At high temperatures (>700 ⁰C), the common metal catalyst typically starts to 

dissolve/melt, which degrades CF surface and deteriorate its properties [140, 146, 147].  If not 

controlled properly, all the above mentioned parameters will affect the CNT growth and damage CF 

surface, which eventually result in declined mechanical properties of CFs [27, 29, 147-152]. Thus, 

the performance of CF-reinforced composites is significantly degraded as the mechanical properties 
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of the macroscale reinforcement are deteriorated. The reduced tensile strength of hierarchical CFs is 

not feasible for use in advanced composites.  

Quite a few studies have been carried out to inhibit the degradation of CFs during the CNT 

growth process by using unsized CF [153], lowering the CNT growth temperature below the eutectic 

temperature [154], decreasing the CNT density [155], use of barrier coatings to shield CF surface 

from catalyst [156, 157], utilizing the aerosol-assisted chemical vapor deposition (CVD) [152, 158], 

oxidative dehydrogenation reaction between C2H2 and CO2, that allowed growing CNTs on CF at 

500 °C [159]. Even though, all these studies reported reduction in degradation of the CF strength 

under the controlled condition, but it could not be eliminated [152]. The use of high temperature, 

catalysts and difficulties in scaling up the process for large fiber panels limits the practical 

application of this technique for the fabrication of CNT CF-epoxy composite for structural 

applications.   

 

Figure 2.4 Schematic showing CNT grafting on CF surface by CVD [146] 
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2.3.1.3   Interleaving 

Interleaving is a method of inserting a layer of nanoscale reinforcement in between/at the 

interface of two CF sheets [59, 160-163]. There are different approaches available in literature to 

interleave nanofillers in CF epoxy composite. One of which include inserting CNT in the form of 

bucky paper (BP) as interleave/interply between CF sheets [64]. The composite was fabricated by 

autoclave processing. The resin flow first occurred through thickness from CF pre-preg to dry BP. 

Once the BP were completely filled with resin, it began to bleed along the in-plane direction of the 

laminates. However, high resin absorbance and low permeability of dry BP caused voids and defects 

in BP-CF hybrid composites.  

 

Figure 2.5 Interleaving vertically aligned CNT forest through transfer-printing process on a pre-

preg (a) Illustration and (b) fully transplanted to the surface of CF epoxy pre-preg sheet; (c, d) FE-

SEM images at different magnifications showing two sheets aligned CNT interlayer hybrid 

composite [162].   
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In another effort, the researchers transplanted the CNTs, grown on silicon substrate using 

CVD, to a CF epoxy pre-preg sheet using a roller as shown in figure 2.5 [162]. FE-SEM images in 

figure 2.5(c & d) clearly confirms effective impregnation of polymer in the CNT forest (interlayer).  

The polymer was drawn by the CNT forest from both the sides from the pre-preg sheets to form an 

aligned CNT interlayer. The thickness of interlayer is similar to the height of the vertically aligned 

CNT, before curing.  

Another way to use nanofiller interleave is to add nanofiller to epoxy paste and use that paste 

as interleave. GO-epoxy paste interleave is prepared by dispersing GO in DMF through 

ultrasonication, followed by mixing epoxy through planetary centrifugal mixer. The mixture was 

then ultrasonicated and kept in vacuum oven to remove DMF. The dry paste was then spread on CF 

surface using metallic roller, which served as an interleaf to CF epoxy laminates [163].  Apart from 

the above mentioned approaches, use of CNTs, grown on short CF as interleave, for CF epoxy 

laminated composite is also reported [161]. The biggest challenge encountered in case of 

interleaving is the voids and defects arising due to resin deficit. As, interleaves are quite dense 

structures, they have less permeability. Therefore, good supply of resin is required to properly 

impregnate them, which is often not available as the main source of polymer are the adjacent pre-

preg layers. This leads to the polymer deficit regions both in CF pre-preg sheet, as well as, in 

interleave. 

2.3.1.4   Chemical Grafting 

The nanofillers are also grafted onto the CF surface through chemical functionalization of 

nanofillers and grafting surface. In case of CNTs, the end caps are functionalized with amine group 

and the CF surface with carboxyl and hydroxyl group [28-32]. The interfacial shear strength (IFSS) 

showed significant improvement due to improved load sharing ability with the formation of 
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crosslinks between CNT and the epoxy matrix. Similarly, use of polyhedral oligomeric 

silsesquioxane (POSS) [30] improve the interfacial adhesion of the resulting composites. The 

numerous epoxy groups of POSS increase surface wettability of fiber with the epoxy resin, which 

react with the hardener to enhance chemical bonding. On the other hand, the CNTs, grafted on the 

fiber surface, act as extra branches or arms that dig into the matrix. This increases the overall surface 

area, enhances mechanical interlocking, strengthen and stiffen the interface, which results in 

improved interfacial strength [30]. 

2.3.1.5   Dip Coating 

Dip coating is one of the simplest techniques, which involves dispersing the carbon nanofiller 

in a solvent bath using ultrasonication. Once the carbon nanofiller is properly dispersed, the CF is 

then immersed in that solution. The mixture is sonicated in the presence of CF to promote adsorption 

of carbon nanofiller on CF surface. The CF might be removed from the solution once coated and 

oven dried or left in the solution, which is heated till all the solution is evaporated. The later one is 

given the name liquid phase deposition strategy [164]. Both of these approaches are suitable for short 

fibers or sheets. Continuous solution coating process is employed for long fibers [8]. 

 It is very important to verify the carbon nanofillers formation, morphology and adhesion to 

CF substrate for all the techniques that involve nano-engineering of CF surface. Scanning electron 

micrography is the most commonly used technique to confirm the growth, shape, size and density 

of nanofillers [165]. Raman Spectroscopy is also employed to confirm the graphitic structure, while 

DTA/TGA are carried out to confirm the purity of nanofillers grown/grafted/deposited/coated [165] 

on fiber surface. Single fiber fragmentation test and single fiber pull out tests, equipped with a 
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camera, are the most common tests to examine the strength and modulus of nano-engineered CF 

[157, 165].  

2.3.2   Nanofiller Modified Polymer Matrix  

Apart from the factors leading to non-uniform and weak interfacial bonding, localization of 

plastic strain in the polymer matrix restrained by surrounding fibers and triaxial stress state in the 

polymer are majorly responsible for the premature failure of laminates, in directions other than fiber 

alignment [65, 166]. Addition of nanofillers to the matrix can improve the interfacial properties of 

CF-epoxy composites, due to the high surface area, which can act as interface for stress-transfer. It 

even leads to the extension of localized plastic strain from polymer matrix regions near the interface 

to the entire matrix, uniformly. Homogeneous dispersion of reinforcement phase, along with strong 

interfacial interaction with the matrix, are the keys to strong composite structures. However, poor 

dispersion of nanofillers, due to the higher surface energy, restricts their potential as reinforcement. 

Therefore, it is important to exfoliate nanofillers and uniformly disperse them in polymer matrix, 

without forming agglomerates, in order to take advantage of its high surface area. Various techniques 

are in use to disperse nanofillers, which include ultrasonication [65, 167], magnetic stirring, 

mechanical mixing, shear mixing and three roll milling [24]. All of these techniques either directly 

disperse nanofillers into the polymer or use solvents, like, methanol, acetone, ethanol etc. to disperse 

nanofillers first, followed by mixing this dispersion into the polymer. To take full advantage of the 

potential of nanofillers added to the CFRP composite, they can even be aligned transverse to the 

fiber alignment direction by means of an electric or magnetic field [65].  
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2.3.3   Nanofiller Modified Sizing 

Another route that has the potential to improve the interface between CF and polymer matrix 

is the use of nanofillers in the fiber sizing (polymer coating applied to fiber surface to prevent 

damage). This route has received very limited attention till date [168, 169]. It takes advantage of the 

developed techniques for the dispersion of nanofillers in polymer and then grafting that nanofiller 

sizing to CF. Thus, it is possible to even scale up the process for industrial applications. In order to 

eliminate the potential effects of commercial sizing, the fiber needs to be desized first, which can be 

done by using methods like refluxing in acetone for hours [168] or thermal degradation of sizing. 

De-sizing needs to be controlled in order to prevent any damage to the fiber. The desized or raw CFs 

are pulled through the nanofiller modified sizing with subsequent drying. The speed at which the CF 

is extracted should be maintained slow enough to achieve good and uniform wetting of the CF, while 

the excess resin is allowed to be drained.  

2.4   Techniques for Fabricating Fiber Reinforced Polymer Composites 

2.4.1   Vacuum Assisted-Resin Transfer Moulding  

This is the most efficient and most commonly used technique for fabricating multiscale FRPs 

[26, 157, 161, 164, 168]. Both vacuum assisted-resin transfer moulding (VARTM) and resin transfer 

moulding (RTM) are closed mould processes, where pressure is used to inject resin into the mould. 

In case of VARTM, the vacuum pressure is used for resin inflow. It uses only bottom half of the 

mould, while a flexible outer bag creates the other half. Specifically, there is a huge increase in the 

surface area of reinforcement for carbon nanofillers deposited/grown/grafted/coated CF panels 

reinforced composite structures, which obstruct the infiltration of epoxy into the fiber bundles. 

VARTM is a much efficient technique and helps in infiltration of epoxy into the fibers, uniformly 
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[26, 157, 161, 168]. High-permeability distribution media/resin flow channels are incorporated in 

the layup pile to improve the resin flow. A schematic for the process is reproduced in figure 2.6. 

Post resin infusion, the composite may be cured at room temperature or even at high temperature in 

oven [164]. 

 

Figure 2.6 Schematic of vacuum assisted resin transfer moulding [26] 

2.4.2   Autoclave 

This technique is used to process the composites that require elevated temperature and 

pressure for curing and fabrication. This technique is frequently used for fabricating pre-preg based 

composite [24, 162, 170] or for the composite that require post curing at high temperature and 

vacuum, after being fabricated through VARTM [63, 168]. 

2.4.3   Hand lay up 

It is a very simple technique that uses brush and rollers to apply polymer to CF surface. Once 

the pre-pregs are made, they are stacked together and compressed using either compression 

moulding, hot press [161, 163], VARTM [167] or even autoclave [8, 167]. 
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2.4.4   Other Techniques 

Compression moulding, hot press [161, 163], filament winding [24], drum winding [8] are 

the other techniques used for fabricating CF epoxy composites. Compression moulding and hot press 

[161, 163] techniques are used post epoxy impregnation. These techniques can be used itself or in 

combination with the other. 

2.5 Carbon Nanoparticle-Carbon Fiber Epoxy System 

2.5.1  CNT-CF Epoxy Composite  

CNTs are the most widely studied carbon nanofiller as reinforcement to the conventional 

FRPs, due to their fiber like morphology (can be aligned along z direction), high flexibility, 

nanoscale diameter, high aspect ratio, exceptional mechanical, electrical and thermal properties. 

Hence, incorporation of CNTs to FRP can help to improve the interfacial and interlaminar properties 

along with electrical, thermal and other mechanical properties that lead to significant improvement 

in their performance [1, 9, 10]. This approach helps in exploring benefits of microscale traditional 

fibers along with the additional reinforcement offered by nanoscale carbon nanotubes. The addition 

of CNT not only strengthens the polymer matrix, but also the interface, which lead to improved 

fiber-polymer interfacial load transfer. CNTs can be integrated to a conventional CFRPs either in 

bulk or deposited/grown/grafted/coated on CF surface.  

CNT-CF epoxy composites, are generally fabricated using CF with CNTs 

deposited/grown/grafted/coated in it, through electrophoretic deposition [26], CVD [165], graphitic 

structure by design (GSD) [30], laser ablation, dip coating and chemical grafting [9, 10].  Successful 

deposition of CNT on CF surface, using electrophoretic deposition, is shown in figure 2.1. For the 

electrophoretic deposition of carbon nanotubes, the carbon fabric was annealed at 700 °C in vacuum 
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to remove the polymer sizing applied to the fabric, followed by oxidative treatment that consists of 

refluxing in nitric acid. The oxidative treatment aims at introducing functional groups, removing the 

weak outer layers of the fiber, and texturing the fiber surface. However, if not controlled properly, 

the strong oxidative conditions can result in non-uniform etching of the carbon fiber and loss of fiber 

tensile strength [26]. 

The infiltration of epoxy into CNTs, deposited/grown/grafted/coated CF panels, is quite a 

challenging task. There is a huge increase in the surface area of reinforcement with the attachment 

of CNT on the CF surface, which obstruct the infiltration of epoxy into the fiber bundles [26]. The 

CF epoxy composites, with nano-engineered CF surface, has shown significant improvement in out 

of plane properties. However, the in plane properties does not show any significant change, as the 

in-plane properties of FRPs are fiber dominated.  Modifying epoxy matrix by addition of CNTs to 

epoxy matrix is seen to improve flexural modulus of the CF epoxy composite [65]. Attaching 

magnetite particle to CNT surface by adsorption help in achieving preferred orientation [65] and 

improve the properties further.  The effect of different techniques, used for modifying CF epoxy 

interface, on different properties is presented in table 1. 

2.5.2 Gr and its derivatives-CF Epoxy Composite 

The high aspect ratio and two-dimensional sheet like morphology of Gr and its derivatives 

make it highly effective in improving the interface between the micro fiber and matrix interface of 

composites. Along with the improvement in interlaminar fracture toughness (ILFT) and interlaminar 

shear strength (ILSS), properties, like, flexural strength, electrical conductivity and other also are 

seen to improve, as shown in table 1. The different methods, used for the incorporating Gr in a 

multiscale CF epoxy composites, include electrophoretic deposition pre or post CF processing [19, 

27], which may or may not be followed by thermal annealing, in epoxy sizing [168], interleaving 
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[163], liquid phase deposition (extended dip coating), three roll mill and filament winding [24], 

continuous coating (dip coating for long fibers) [8].  

 

Figure 2.7 Scanning electron microscopy (FE-SEM) images of the (i) (a) CF without sizing (b) CF 

with commercial sizing, (c) CF-1 wt% GO sizing, (d) CF-5 wt% GO sizing, (e) CF-10 wt% GO 

sizing, (f) magnified image of (e); (ii) fractured surface of ILSS (a, a′) CF with commercial sizing-

epoxy (b, b′) CF-1 wt% GO sizing-epoxy, (c, c′) CF-5 wt% sizing-epoxy; (d, d′) CF-10 wt% GO-

epoxy composite [168] 
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Dispersing Gr in sizing and then coating the surface of CF with modified sizing is one of the 

least explored approach available in literature, not only for Gr or its derivatives, but for overall, 

carbon nanofiller CF epoxy composite.  Addition of graphene oxide (GO) in epoxy sizing improved 

the interfacial performance for single CF epoxy matrix, as well as, interlaminar performance for 

unidirectional CFs on epoxy matrix [168]. FE-SEM images in figure 2.7 for the fractured surface 

even corroborates the same. The IFSS for CFs epoxy matrix is improved by ~73 % due covalent 

bonding and improved mechanical interlocking, with the addition of GO [27]. The exfoliated Gr-CF 

epoxy composite, prepared by liquid phase deposition strategy (extended dip coating), showed 

improvement in both ILSS and flexural strength of the composites [164]. Improved interfacial 

bonding between CF and epoxy with the addition of Gr lead to better load sharing between CF and 

epoxy.  

Above mentioned studies clearly reveal the role played by Gr and its derivates, as well as, 

by different techniques used to incorporate them in CF epoxy interface. Further, the effect of 

functionalization was studied by Ashrori et. al. GO was functionalized using three different 

diamines, namely 4,40 - diaminodiphenyl sulfone (DDS), ethylenediamine (EDA), and p-

phenylenediamine (PPD), used as reinforcement to epoxy matrix, with the objective to improve 

interfacial bonding strength of CF-epoxy composite [167]. Fourier transform infrared spectroscopy 

(FTIR) spectra, as shown in figure 2.8, confirmed the conversion of oxygenated functional groups 

of GO to different functional groups, post reactions with the above-mentioned diamines.  
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Figure 2.8 FTIR spectra of GO and functionalised GOs [167] 

 

The spectra for the functionalised GOs (FGO) have several new peaks w.r.t GO spectrum. 

The peaks appearing at 3500-3700 cm−1 and 1600-1700 cm−1 correspond to amide N-H stretch and 

amide CO stretch, respectively. While, the disappearance of the peaks located at 1720, 1396, and 

1264 cm−1 in the GO spectrum suggests that the carboxyl and epoxide groups of the GO have reacted 

with the NH2 groups of the diamines. Tensile and flexural properties showed improvement both with 

GO and FGO, which is due to the improved interface adhesion [167]. 

2.6   Assessing the Role of Interfacial Bonding in CF-Epoxy Composite 

CF epoxy composites have a wide variety of applications [2-4]. The properties, essential for 

such applications, include high strength, toughness and shear strength both along longitudinal, as 

well as, transverse direction. Different factors decide the performance of composites, which include 

the mechanical properties of the matrix and individual CFs, fiber-matrix interface and processing 

conditions [5]. The load transfer in case of composites is from the matrix to fiber through the shear 
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stress. Effective control of the fiber matrix interface is important to ensure good interfacial shear 

strength (IFSS), as the performance is restricted due to the inherently poor interfacial bonding 

between CF and polymer matrix. This has been a major drawback of CF polymer composite. Over 

the years, a lot of research has been done to overcome this drawback. Strong van der Waal’s forces 

and hydrogen bonding are preferred to exist between CF and epoxy [6, 7]. The interface is generally 

assessed by the interfacial shear strength (IFSS) and interlaminar shear strength (ILSS).   

As mentioned earlier, the biggest limitation of CF is its non-polar surface, chemical inertness, 

surface lipophobicity, smoothness and less adsorption, which lead to weaker bond with the matrix 

material [3-5].  Different treatments are done to modify fiber surface to combat the inertness of CF. 

Sizing (application of polymer to CF surface) [171, 172], acid modification [173, 174], 

electrochemical modifications [175, 176], electro-polymer [177-178], plasma surface [175, 179], 

high energy irradiation [180, 181], Ni surface [182], thermal modification [183], ozone treatments 

[184], nanofiller addition [8] are the different techniques used to treat CF surface inertness [9, 10].  

Sizing is a method, which protects filaments of fiber from getting damaged as well as, 

provides structural integrity during manufacturing and usage, by applying a coat of polymers, like, 

polyimide [185], polyurethane [185], epoxy [186, 187] etc. to CF surface [171, 172, 188]. It even 

facilitates fiber-matrix adhesion and composite processability. The addition of coupling agent to 

sizing material is further responsible for improving the chemical interaction of CF with the matrix, 

through oxy-carbonated functional group [189]. The strength of this interaction depends upon the 

fiber sizing compatibility. The molecular weight of sizing also influences interfacial properties. Low 

molecular weight sizing leads to soft and more compatible interface region [190]. However, there is 

a segregation of high concentration of polymer chains at the interface, which reduces mechanical 

properties [191, 192]. On the contrary, higher molecular weight sizing leads to brittle and less 
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compatible interface [190, 193]. The diffusion of fiber sizing into polymer matrix leads to formation 

of interface that protect fiber and hinder crack propagation. Most of the commercially available 

sizing for CF are compatible to epoxy than any other polymers [172, 185, 194-196]. The sizing 

alone, as well as, along with coupling agent is seen to affect tensile, flexural, compressive, fatigue, 

fracture toughness, interfacial, interlaminar etc. properties of the composite [187, 195].  

Acid treatment is another commonly used technique for modifying CF surface. The acid 

corrodes the fiber surface and introduces flaws and pits, which improves fiber-polymer mechanical 

interlocking, but at the expense of single fiber strength [173, 197-200]. Nitric acid, maleic anhydride, 

etc. are the commonly used acids for surface treatments [173, 174]. The effect of acid modification 

on fiber surface is generally characterized using techniques such as FTIR [173], FTIR-attenuated 

total reflection (ATR) [200], Raman spectroscopy [174] and XPS [201]. The acid treated CF, when 

reinforced in polymer, is seen to significantly improve the properties like ILSS [197, 202], flexural 

strength [202], impact strength, tribological behaviour, electrical conductivity etc. Electrochemical 

treatment on the other hand, uses electrolyte to introduce specific functional groups on CF surface 

which improves interfacial properties [175, 176]. However, if parameters, like, treatment time, 

electrolyte concentration and type are not chosen properly, it may lead to reduced single fiber 

strength.  

As compared to other techniques, plasma treatment causes the least damage to the CF [169, 

203-205]. It, leads to inclusion of reactive functional groups, like, hydroxyl, ether, carbonyl etc., on 

CF surface, improving its surface reactivity and adhesion to polymer matrix. Another efficient and 

environment friendly technique for fiber surface modification, without significant fiber damage, is 

high energy irradiation grafting [180, 181, 206 and 207]. This method changes the fiber surface 

roughness by displacement of atoms, which create site for bonding the functional group of matrix. 
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 Generally, the interfacial bonding is a chemical bonding, due to the presence of functional 

groups at the fiber surface. However, due to the higher temperatures involved in surface modification 

techniques, most of the functionality disappear, which in some cases, can rise again during composite 

processing [208, 209]. Therefore, it is always difficult to define whether the interfacial bonding is 

mechanical interlocking or chemical bonding. 

An alternate to all the above mentioned techniques is utilization of nanoparticles for 

modifying the CF surface, which has recently gained a lot of attention. Carbon based nanoparticles 

are the most promising candidate as reinforcement to CF polymer, due to their nanoscale dimension, 

high aspect ratio, exceptional properties, the attributes required for modification of interfacial 

properties. The incorporation of carbon nanofillers in matrix, as well as, on the CF surface of a 

multiscale composite, has been extensively studied by researchers. The grafting, depositing, growing 

or coating of carbon based nanofillers, specially CNTs, Gr and its derivate, increases the surface area 

and promotes mechanical interlocking. The improved interfacial interaction enhances the overall 

strength and stiffness, owing to the improved stress transfer from the matrix to the fibers. The most 

popular micromechanical technique to study interface of single fiber in a matrix are pull-out test, 

micro-droplet test or fragmentation test [29, 148, 152, 165, 168, 210].  

As seen from the literature, CVD has been quite an efficient technique to grow CNTs on CF 

surface with different yield, shape, size etc. Interfacial shear strength, as high as ~94 %, was achieved 

with aerosol assisted CVD CNT-CF epoxy composite [152]. The presence of CNTs changes the 

interface behaviour. CNTs, grown on carbon fiber surface, increased the specific surface area and 

mechanical interlocking between the fibers and the epoxy. The difference in the fracture morphology 

of the pulled out fiber and the hole left behind confirms the same as seen in figure 2.9. There are 

three possible modes in which the nano-engineered CF polymer composite can fracture. All three 
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modes are schematically shown in figure 2.10. The CF is pulled out in type 1 failure mode, while 

the CNTs remain embedded inside the matrix owing to a weak bonding force between the CF and 

CNT. In type 2 failure, CNTs along with CF is debonded from the matrix, as a result of strong 

adhesion between the CNTs and CF. However, in case of type 3 failure, the fibers are fragmented, 

with a part of CNT still connected to the pulled out fiber, while the rest is buried within the matrix. 

Correlating fractured surface images in figure 2.9 with different failure modes suggested in figure 

2.10 verifies type 2, as the dominant failure mode in this study [152]. The orientation and length of 

CNTs grown on CF surface also controls the interfacial properties of the composite. CNTs with high 

aspect ratio, aligned perpendicular to CF displayed higher IFSS in epoxy composites. Improvement 

of up to 115% with CNTs having length 47.2 μm and aligned perpendicular to CF was reported as 

compared to that of randomly oriented entangled CNTs. Improved wettability and increased 

interface between the CNT-CF and epoxy were the reason behind the improved IFSS [148]. Higher 

growth time lead to longer CNTs. However, the symmetric structure of CNTs were seen to be 

disrupted for growth time longer than 60 min, which reduces IFSS [148]. This is attributed to the 

circumferential tension exceeding the inherent lateral strength of the grown MWCNT [211]. High 

temperature, non-uniform distribution, pre-deposited catalyst, along with difficulties in scaling up 

the process are the factors, which limit the practical application of this technique [26].   

Chemically grafting CNTs on CF surface are seen to improve the IFSS by over 150% with 

less than 1 wt% content [29]. The improvement in ILSS is a cumulative output of improved 

crosslinking between CNT and the matrix, increased surface area of CF with CNT grafting, 

mechanical interlocking induced due to fiber surface roughness and improved surface wettability 

due to active chemical groups [29].  
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Figure 2.9 FE-SEM images for fracture surface of (a, b) CF-epoxy and (c, d) CNT-CF epoxy 

composite [152] 

 

Figure 2.10 Schematic illustrating different fiber pull out failure modes for CNT/CF epoxy [152] 



 

 
38 

 

Incorporating graphene oxide to epoxy sizing improves IFSS of CF epoxy composite by 

~71% and ~36% as compared to unsized and commercially sized CF, respectively with 7.5 wt% GO 

[168]. Even though the technique is clean and scalable, the improvement achieved in interfacial 

properties is not quite significant, considering the high reinforcement content.  

2.7   Effect of Nanofiller Addition on Mechanical Properties CF-Epoxy Composite 

The aim behind addition of nanofillers to CF epoxy composite is to improve out of plane or 

transverse mechanical properties which include flexural strength, interlaminar fracture toughness, 

interlaminar shear strength. At the same time, maintaining the in plane properties like 

axial/longitudinal tensile strength and Young’s modulus. The improvement in the properties depends 

on various factors, which include fabrication technique, nanofiller content, dispersion and particle 

geometry. Apart from controlling the degree of consolidation, fabrication techniques also affect the 

dispersion of the reinforcement phase. For all the nanofiller CF-epoxy multiscale composites studies 

reported so far, the primary mechanical properties studies include tensile properties, interlaminar 

shear strength, interlaminar fracture toughness and flexural strength [1, 9, 10].  

Reinforcing the epoxy matrix with nano-engineered CF surface is seen to significantly 

improve mechanical properties of CFRP as the properties in this direction are matrix dominated. The 

in-plane mechanical properties, on the other hand, does not show substantial difference as they are 

typically dominated by fiber reinforcement [26]. 

2.7.1 Tensile Strength 

The effect of addition of different nanofillers, e.g., graphite, GO, RGO, Gr, CNT and carbon 

black, on UTS, E and failure strain of CF-epoxy composite is studied extensively. Fiber being the 

major reinforcement in nanofillers reinforced FRPs, the tensile properties are governed by the 



 

 
39 

 

properties of microscale fibers. For nano-engineered CF epoxy composite, it is very important to 

study the tensile property of fiber both before and after the nanofillers are grown, grafted, deposited 

or coated. This is critical, as the techniques used for modifying the CF surface have adverse effect 

on fibers. Reinforcing such fibers to epoxy matrix do not give desirable improvement in properties 

for structural application. Therefore, for proper evaluation of nanofillers modified CF epoxy 

composite, both fiber strength and composite strength needs to be studied. Single fiber tensile test is 

the most common test to verify the strength of a fiber before reinforcing it into a composite [148, 

210]. The strength of the CFs is seen to drop after the growth of CNTs on CF surface through CVD 

[148, 210]. The degradation of strength is attributed to the surface damage of the CFs by the thermal 

degradation and catalyst. The CF strength reduced by ~39% post CNT growth by injection CVD 

[148]. 

Electrophoretic deposition technique is also seen to degrade the fiber properties. The tensile 

strength reduced even though the out of plane properties like ILSS showed improvement [26].  

Interleaving CNTs in the form of bucky paper in CF epoxy composite reduced its tensile strength 

and modulus both with 4.95 wt% and 7.99 wt% CNTs. This is due to the voids and defects created 

as a result of high resin absorbance and less permeability of BP [64]. Thus, nanofillers reinforced 

CF-epoxy composite, fabricated by dispersing nanofillers in epoxy composite, needs to be 

investigated as another option. Adding GO to the sizing is seen to improve tensile properties of 

carbon fiber composites. Both tensile strength and tensile modulus are higher than that of the normal 

composites [168]. To, further improve the interaction GO can be functionalized. Functionalization 

of GO, using three different diamines 4,4′-diaminodiphenyl sulfone (DDS), ethylenediamine (EDA), 

and p-phenylenediamine (PPD) was done, which was then dispersed in epoxy matrix for 0.1, 0.3 and 

0.5 wt%. The CF epoxy composite, fabricated with this modified epoxy, is seen to improve tensile 
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strength by ~23% with 0.3 wt% PPD-CNT CF epoxy composite. Tensile modulus of CF epoxy also 

improved with the addition of both functionalized and non-functionalized GO [167]. Functional 

groups played a significant role in increasing the interaction energy between the CF and epoxy 

matrix, which can be evidenced from FE-SEM images for the fractured tensile samples in figure 

2.11. However, properties decreased due to agglomeration above 0.3 wt% GO, even with 

functionalization. 

 

Figure 2.11 FE-SEM images of (a) CF epoxy, (b) 0.3 wt% GO-CF epoxy, (c) 0.3 wt% DDS-FGO 

CF epoxy, (d) 0.3 wt% EDA-FGO, (e)  0.3 wt% PPD-FGO CF epoxy composite in axial direction 

(f) 0.5 wt% GO CF epoxy, (g) with 0.5 wt% EDA-FGO CF epoxy, and (h) agglomeration of 0.5 wt% 

DDS-FGO CF epoxy composite in transverse direction to tensile load [167] 

For GO-CF epoxy and functionalized GO (FGO)-CF epoxy composite, the voids between 

the pulled-out CFs and the epoxy matrix are small as compared to only CF epoxy composite. Further, 

matrix is seen attached to the pulled-out CF surfaces for functionalized specimens, as compared with 

the control specimen. This indicates interfacial adhesion to be relatively strong for GO-CF composite 
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and much stronger for functionalized GO-CF epoxy composite, as compared to CF epoxy composite. 

For the composites with EDA- and PPD-FGO (figure 2.11(d & e)), the amount of epoxy matrix 

attached on the pulled-out CFs surfaces is more and the gaps between the CFs and the matrix are 

smaller. With increase in the GO and FGO contents to 0.5 wt%, the interfacial adhesion reduced, 

due to agglomeration as evidenced in figure 2.11(h) [167].  

4.2.7.2   Interlaminar Shear Strength and Interlaminar Fracture Toughness 

Failure to delamination is another major drawback of laminated composite structures. The 

fiber orientation in structural composite is usually planar, in x- and y-direction, leading to fiber 

dominated material properties in these directions, whereas the z-direction remains matrix dominated. 

The conditions that leads to delamination can vary from out-of-plane tensile loads to in-plane 

compressive loads, with crack initiating at structural discontinuities such as edges, notches, voids or 

impurities/foreign particles. The poor interfacial bonding between fiber and epoxy matrix, along 

with the low strength and brittle nature of epoxy, make the FRPs more prone to the interlaminar 

failure. Therefore, improving properties, like, interlaminar shear strength (ILSS), interlaminar 

fracture toughness (ILFT) and interlaminar fracture strength (ILFS) would help in restricting the 

generation and propagation of delamination. Processing techniques, like, stitching, braiding, 3D 

weaving and embroidery, have been used extensively in past to improve the interlaminar properties 

[1, 212-215]. However, the misalignment during stitching, as well as, the resin pockets in the 

stitching zones are considered as causes for the degradation, as, it is more prone to generation of 

microcracks [1]. 
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Figure 2.12 Schematic of the (a) vertically aligned CNTs placed in between two sheets of a 

laminated composite, (b) schematic and (c) FE-SEM image showing vertically aligned CNTs 

bridging the crack between the two sheets [162]. 

Use of carbon based nanoparticles for improving the interlaminar properties of FRPs, using 

techniques, like, interleaving [162], nano-engineered CF surface by growing/grafting/depositing/ 

coating and modifying the epoxy resin to promote better fiber-matrix interaction, have been the most 

promising ones. The exfoliated Gr-CF epoxy composite, prepared by liquid phase deposition 

strategy (extended dip coating), showed an improvement in ILSS by 28% with 1 wt% Gr [164]. The 

improvement is attributed to the increase of the interface layer modulus with the deposition of Gr. 

CVD grown vertically aligned CNT forest, transfer printed to the pre-preg was used by another group 
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as interleave between CF pre-preg sheets to improve the interlaminar properties [162]. The pre-preg 

was attached to a cylinder that was rolled over CNT forest, at room temperature. The CNTs were 

transferred from the growth substrate to pre-preg taking advantage of tack of the pre-preg. Mode I 

and II test on a DCB sample showed an improvement in interlaminar fracture toughness, of ~150% 

and ~62% respectively, over CF epoxy composite. Crack bridging by vertically aligned CNT, forest 

as seen from figure 2.12, is claimed to be the main toughening mechanism.  

The fracture toughness of CFRPs is a function of toughness of matrix and the interfacial 

bonding between carbon fiber and matrix. Thus, improvement in ILFT is due to typical energy 

dissipation mechanisms, such as, matrix deformation, crack deflection and arrest, fiber debonding 

and pull-out. Strong interfacial bonding between CF and epoxy was witnessed after introducing the 

GO sheets to the interfacial regions of carbon fibers and epoxy, when added to epoxy sizing, 

enhancing ILSS by ~12.7% compared with commercially sized CF composites [168]. Applying a 

thick paste of GO-epoxy as an interleaf, is seen to improve the ILFT and fracture resistance [163]. 

GO with three different area density 1 g/m2 (GO1), 2 g/m2 (GO2) and 3 g/m2 (GO3) were used in 

this study. GO2-CF epoxy composite, gives a remarkable improvement of 171% and 108%, in 

Mode-I fracture toughness and resistance, respectively over CF epoxy composite. Strong interfacial 

adhesion is the reason for improved property. It can be clearly corroborated to more irregular/rough 

fracture surface as well as the epoxy matrix adhering to CF surface specimen toughened by GO-

epoxy interleaf (figure 2.13). 
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Figure 2.13 Mode-I fracture surface for (a) CF epoxy, (b) GO1-CF epoxy, (c) GO2-CF epoxy and 

(d) GO3-CF epoxy composite [163] 

 

2.7.3   Flexural strength 

Another out of plane property of FRPs that needs to be investigated is flexural strength, 

which is measured using three-point bending tests [65]. It was seen that addition of CNTs to the CF 

epoxy laminated composite resulted in significant improvement in the load carrying capacity and 

the flexural modulus of the composite. Further aligning the CNTs in magnetic field, by adsorbing 

magnetite particle on CF surface in the transverse direction to CF, increased the flexural modulus by 

~46%. While, for the randomly oriented CNTs, the flexural modulus increased by ~21%. Besides, 

the CNTs increased the load carrying capacity of CF epoxy composite. The maximum load carried 

under three-point bend test is increased by 33% and 15%, with aligned and random CNTs CF epoxy 

composite compared to CF epoxy composite [65]. Both the flexural strength and modulus is seen to 

improve for CF epoxy composite after depositing Gr through electrophoretic deposition [19]. 

Increase in the interfacial surface area of the CF with deposition of Gr improves the load carrying 

capacity of CF epoxy composite in transverse direction [19]. Similarly, exfoliated Gr-CF epoxy 
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composite, prepared by liquid phase deposition strategy (extended dip coating), and showed 

improvement in ILSS by ~ 28% with 1 wt% Gr-CF epoxy over CF epoxy composite [164]. To further 

confirm the interfacial strengthening flexural strength and modulus were investigated [164], which 

showed improvement with addition of exfoliated Gr.  

The effect of functionalization of GO on flexural strength and modulus of CF epoxy 

composite was also verified [167].  GO was functionalized with three different diamines i.e. EDA, 

DDS and PPD, which incorporated amide group on GO surface, which was confirmed through FTIR 

in figure 2.8. The flexural strength of CF epoxy increases with increase in the GO content from 0.1 

wt% to 0.3 wt% both with GO and FGO. The improvement was not very significant. The highest 

improvement was ~12% improvement with DDS functionalized 0.3 wt% FGO-CF epoxy composite. 

With further increase in GO content to 0.5 wt%, the flexural strength decreased for EDA and DDS 

functionalised GO due to agglomeration. While, the non-functionalized GO and PPA functionalized 

GO showed an improvement of ~50 % and ~73% respectively, over CF epoxy composite [168]. The 

improvement in flexural strength with 0.5 wt% with non-functionalized GO over EDA and DDS 

functionalized GO is surprising, as functionalization reduces agglomeration. Functionalization, if 

not controlled properly, can induce lot of surface defects. Therefore, Raman spectroscopy and single 

fiber test should have been done to confirm any functionalization related defects before fabricating 

composite.  

The 90° (transverse) flexural strength is the most sensitive interfacial property of a 

unidirectional fiber composite. So, in order to investigate the reinforcing effect of ozone treated and 

dip coated unidirectional Gr-CF in epoxy matrix flexural strength was measured both along and 

transverse to the fiber alignment direction [8]. The epoxy coated fibers showed 82% and 51% 

increase in 90° flexural strengths for Gr coated fibers, as compared to uncoated and epoxy coated 
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fibers. On contrary, the improvement in 0° flexural strengths was only 7% [8]. Improved interfacial 

strength between CF and epoxy matrix with Gr addition, as seen from figure 2.14, is the reason 

behind improved flexural strength. 

 

Figure 2.14 FE-SEM images for fractured surface (a) non-coated CFs, (b) epoxy coated CFs, and 

(c) Gr coated CFs after (i) flexural 90° and (ii) flexural 0° [8] 

 

2.7.4   Other Properties 

Wettability and surface area measurement are two very important properties as these two 

properties majorly governs the improvement in mechanical properties. Brunauer–Emmett–Teller 

(BET) method for specific surface area [148, 210] and contact angle measurement using drop on 

fiber technique for wettability [148, 210] are the most commonly used techniques.  
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Figure 2.15 Images along with corresponding schematic of water droplets lying on (a) hydrophilic 

CF surface and (b) hydrophobic CNT-CF surface [210] 

The as received CF and CNT grown CF were cut into short segments, which were then 

exposed to nitrogen at -196⁰C. The nitrogen adsorption by each surface was than measured using 

adsorption apparatus, which was used to calculate the specific surface area through BET method. 

Increase in surface area by a ~200% was obtained with CNT grafting [210]. The specific surface 

area is influenced by orientation and length of CNTs [210]. Grafting CNT showed a remarkable 

increase in surface area, however the wettability reduced. Grafting CNT on CF surface showed an 

increase in contact angle, as confirmed from digital images and schematic explaining this increase 

(figure 2.15).  The contact angles were measured with water, diiodomethane and epoxy. There was 

increase in contact angle with CNT grafting in all three cases, which indicate poor wettability. This 

increase is attributed to increase in surface roughness with CNT grafting. Hence, proper wettability 

and infiltration of epoxy resin into densely grown/grafted/deposited/coated nanofillers on CF surface 

can be difficult to achieve. 
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2.8 Numerical Simulation to Predict the Effect of Nanofiller Modification on CF Epoxy 

Composite  

Finite element analysis (FEA) is a very important tool to predict the behaviour of nanofiller 

reinforced CF epoxy composite. The predicted behaviour can then be compared to the experimental 

results, in order to evaluate the reinforcement efficiency achieved using a particular technique. 2D 

Finite Element Analysis model was made using ABAQUS to simulate crack initiation and successive 

propagation in double cantilever beam (DCB) specimens as shown in figure 2.16. It was used to 

investigate the interlaminar properties of CF epoxy composite reinforced by GO-epoxy interleaf 

[163]. The laminate was modelled by plane strain element CPE4I with incompatible modes. The 

interface between two lamellas was modelled by zero thickness cohesive elements (COH2D4). The 

total number of elements in the models was 2100 for DCB specimen. The load vs crack opening 

displacement (COD) plots obtained from experimental and simulation were a very close match 

(figure 2.16) [163].   

 

Figure 2.16 (a) Shows FEA models of DCB specimen, load vs COD plots for numerical and 

experimental analysis of (b) plain CF epoxy sample and (c) GO-CF epoxy sample [163]  
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Table 1. Presents the various routes adapted for nanofiller modification and fabrication of CF epoxy 

composite and their effect on different properties 

Composition Nanofiller Modification and 

Fabrication Routes 

Properties References 

3 wt% 

Gr/CNT/CB-

CF Epoxy 

Nanofiller modification - epoxy 

matrix through mechanical mixing 

Fabrication- Vacuum assisted resin 

transfer moulding. 

Mode I ILFT- improved by ~60% (Gr) 

and ~44% (CNT)\ 

reduced by ~42% (CB) 

Mode II ILFT- improved by ~53% (Gr) 

and ~29% (CNT) 

 reduced by ~43% (CB) 

[216] 

0.25 wt% 

CNT- CF 

Epoxy 

Nanofiller modification - CF surface 

through electrophoretic deposition  

Fabrication- Vacuum assisted resin 

transfer moulding 

ILSS – improved by 27% 

Out of plane electrical conductivity – 

improved by 30% 

[26] 

CNT- CF 

Epoxy 

Nanofiller modification- CF surface 

through CVD 

Fabrication- Casted in silicon rubber 

mould and cured in vacuum oven 

ILSS- improved by 14% [165] 

CNT- CF 

Epoxy 

Nanofiller modification- CF surface 

through CVD 

Fabrication-Autoclave 

ILSS-improved by 4% 

Tensile Strength- reduced by 10% 

[152] 

CNT- CF 

Epoxy 

Nanofiller modification- CF surface 

through chemical grafting 

Fabrication- dry oven 

IFSS-improved by 150% [29] 

CNT- CF 

Epoxy 

Nanofiller modification- CF surface 

through ICVD 

Fabrication- dry oven 

IFSS-improved by 175% [148] 

CNT- CF 

Epoxy 

Nanofiller modification- CF surface 

through CCVD 

Fabrication- dry oven 

Tensile Strength-reduced by 10% 

ILSS-increased by 110% 

[210] 

CNT- CF 

Epoxy 

Nanofiller modification- CF surface 

through chemical grafting 

Fabrication- dry oven 

ILSS-improved by 37% [30] 

CNT- CF 

Epoxy 

Nanofiller modification - CF surface 

through electrophoretic deposition  

Fabrication- Vacuum assisted resin 

transfer moulding 

IFSS-improved by ~69% 

Tensile Strength by ~16% 

Weibull Modulus by ~41% 

[137] 

(4.99 wt% and 

7.99 wt%) 

CNT-CF  

Epoxy 

Nanofiller modification- CNT 

buckypaper sheet as interleave 

between CF and epoxy matrix 

Fabrication- Autoclave 

Tensile strength reduced ~4.1% (4.95 

wt.%) and 25% (7.99 wt.%) 

 Tensile modulus reduced ~6.3% (4.95 

wt.%) and 31.4% (7.99 wt.%) 

In plane electrical conductivity transverse 

direction increased by 350 times (4.95 

wt%) and 419 times (7.99 wt%) 

In plane electrical conductivity axial 

directions 228% (4.95 wt%) and 176% 

(7.99 wt%) 

Out of plane electrical conductivity 

increased by 350% (4.95 wt%) and 425% 

(7.99 wt%) 

[64] 

1.5 wt%CNT- 

CF Epoxy 

Nanofiller modification - to epoxy 

matrix through ultrasonication  

Flexural modulus increased by ~46% 

with aligned CNTs 

[65] 
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Fabrication- Vacuum assisted resin 

transfer moulding 

CNTs surface modification - 

magnetite particles were used to 

impose preferred orientation on 

carbon nanotube in a composite 

matrix 

Flexural modulus increased by ~21% 

with random CNTs 

Flexural strength increased by ~33% with 

aligned CNTs 

Flexural strength increased by ~15% with 

random CNTs 

CNT-CF 

Epoxy 

Nanofiller modification- CNT 

grafted onto short CF reinforced 

epoxy interleave at the interface of 

CF epoxy laminate 

Fabrication- hand layup, vacuum 

bag and hot press 

Interleaved composite GIC improved by 

~125% with 1mg/cm2 

Bulk composite GIC improved by ~367% 

& KIC by ~142% with 2.5 wt% SCF CF 

epoxy composite 

[161] 

CNT-CF 

Epoxy 

Nanofiller modification- CNT 

grafted onto CF pre-preg surface 

through transfer printing which act 

as an interleave 

Fabrication-autoclave 

Mode I interlaminar fracture toughness 

increased by ~150% 

Mode II interlaminar fracture toughness 

improved by ~62% 

[162] 

5 wt% GO- CF 

Epoxy 

Nanofiller modification- GO added 

to sizing using normal mixing 

Fabrication- dry oven, resin infusion 

and autoclave 

 

ILSS- improved ~12.7% 

IFSS-improved by ~70% 

Tensile Strength by ~13.7% 

Weibull Modulus by ~45.8% 

[168] 

GO-CF Epoxy Nanofiller modification- CF surface 

through electrophoretic deposition 

IFSS improved by ~ 73% [27] 

GO-CF Epoxy Nanofiller modification- GO grafted 

short CF reinforced epoxy interleaf 

at the interface of CF epoxy 

laminate 

Fabrication- hand layup, vacuum 

bag and hot press 

ILFT improved ~171% with 2 g/m2 GO 

Fracture resistance improved ~108% with 

2 g/m2 GO 

[163] 

Gr/Cu-CF 

Epoxy 

Nanofiller modification- CF surface 

through electrophoretic deposition 

Flexural Strength improved by ~76% 

with 40V applied voltage 

Flexural Modulus improved by ~37% 

with 50V applied voltage 

[19] 

Exfoliated Gr-

CF Epoxy 

Nanofiller modification- exfoliated 

Gr on CF surface liquid phase 

deposition strategy (extended dip 

coating) 

Fabrication- Resin transfer 

moulding 

ILSS improved ~28.3% with 1 wt% Gr [164] 

Diamine GO-

CF Epoxy 

Nanofiller modification- to epoxy 

matrix with and without 

functionalized GO 

Fabrication- hand layup, VARTM, 

autoclave 

Tensile strength improved ~23% 

Flexural strength and modulus showed 

insignificant improvement 

[167] 

3 wt% Gr-CF 

Epoxy 

Nanofiller modification-dip coating 

of CF 

Fabrication- drum winding, hand 

layup, autoclave 

Flexural strength (90⁰) improved by 

~52% 

Flexural strength (0⁰) improved by ~7% 

ILSS improved by 19% 

Electrical conductivity through thickness 

direction by 165% 

[8] 
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2.9 Summary of the Literature Reviewed 

Interface is the one that controls the improvement in properties of FRPs. The inert nature of 

CF limits its potential as a reinforcement to the epoxy matrix, due to the inherently poor interfacial 

bonding between them. This is a major drawback of CF epoxy composite and a lot of research has 

been done to overcome this drawback over the past few years. Modifying or treating the CF surface, 

to induce roughness (mechanical interlocking) or functional group (chemical bonding), is the most 

conventional approach to improve its interfacial properties. The most common techniques based on 

conventional approach for fiber treatment include sizing, acid modification, electrochemical 

modifications, plasma surface, high energy irradiation, thermal modification and ozone treatments. 

Wide spread availability, excellent properties, high surface area have made carbon nanofillers the 

most preferred choice for this purpose. Techniques, like, CVD, electrophoretic deposition, chemical 

grafting, dip coating etc., are being used to modify CF surface by grafting/depositing/growing/ 

coating nanofiller, to improve its interfacial bonding with epoxy matrix. However, the limitations 

associated with this approach or the techniques are fiber damage, controlling multiple parameters 

simultaneously, harsh conditions along with the difficulty in scaling up these process. Carbon based 

nano-fillers have shown a lot of promise in improving the mechanical properties, like, tensile, 

fracture, flexural strength etc. of epoxy matrix both in bulk as well as multiscale composite. 

Moreover, the morphology of the carbon nanofillers also have differential effect on the final 

properties of the structure. Thus, it is evident that an optimum combination of 1D, 2D and 3D carbon 

based nanofillers can accumulate all the structure specific attributes to the CF epoxy composite. 

Also, the synergistic effect of carbon nanofillers is hardly studied in polymer based composites, 

except for few studies on Gr-CNT epoxy composite. The improvement achieved in mechanical, 

thermal, electrical and other properties is limited as both Gr and CNT tend to agglomerate. The 
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morphology, as well as, the high surface area of nanofillers tend to reduce their reinforcement 

efficiency. No study is reported in literature, till date, on use of hybrid combination of carbon 

nanofillers, with a combination of three different morphologies.  Thus, this study would explore the 

potential of a morphologically hybrid carbon nanofiller reinforcement in epoxy matrix, which has 

every possibility to produce a multiscale composite with improved mechanical properties than 

existing ones.  

Further, advancements in macro carbon fiber based polymer composites is also facing the 

problem with directionally anisotropic mechanical properties and premature fracture from voids and 

stress concentration regions present in matrix. This study would look into developing a suitable 

carbon nanofiller reinforced matrix for the CFRP structures, to introduce improved interfacial 

adhesion and isotropic behaviour in terms of toughness and strength. This multiscale hybrid 

nanostructure is a novel one that can take care of existing problems with commercially used CFRPs.
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CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

 
 

This chapter describes the experimental techniques that are used to develop the carbon 

nanofiller modified carbon fiber epoxy composite for structural application. The details of materials 

composition and processing route, followed to successfully modify the matrix, are explained. Method 

used for fabricating multiscale composite using modified matrix is also given.  This is followed by 

details of techniques used for characterizing the microstructural, mechanical, thermal and 

interfacial behaviour of the fabricated multiscale composite.  

 

3.1   Materials  

Epoxy monomer Epofine LY5052 (1, 4-butanediol diglycidyl ether) and hardener HY5052 

(cycloaliphatic amine) were procured from Fine Finish Organics Pvt. Ltd., Mumbai, India. 

Multiwalled Carbon Nanotube (CNT), having more than 95% purity, outer diameter of 40-70 nm, 

length of 1-3 µm and density of 2.1 gm/cm3, was procured from Inframat Corporation (Willington, 

CT) (figure 3 (a)). Graphene nanoplatelets (Gr), having purity more than 95%, surface area of 120-

150 m2/g and average lateral size of 15 µm, were procured from XG Sciences, USA as shown in 

figure 3(b). Nanodiamonds (NDs), having purity more than 97% and average size of < 10 nm, were 

procured from Sigma Aldrich, India (figure 3(c)). Bidirectional carbon fabric (HinFab™ HCP 301) 

was supplied by Hindoostan Composites Solutions, India, with filament diameter 7 µm and density 

1.8 gm/cm3.  
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Figure 3. FE-SEM images of as received (a) CNT, (b) Gr and (c) ND 

 

3.2   Processing  

3.2.1   Dispersion of Nanofillers in Epoxy Matrix 

Gr, CNT and ND were individually dispersed in acetone using probe sonicator (PKS-750F, 

PCI Analytics, Mumbai, India), at an amplitude of 70% for 60 min, with 5 seconds ON and 3 seconds 

OFF cycle and temperature ≤ 10⁰C (maintained in ice bath). To achieve uniform dispersion, 0.01gm 

of filler/20 ml of acetone was taken for sonication.  

For Gr-ND, Gr-CNT, and CNT-ND hybrid, one half of the homogeneously sonicated ND, 

CNT and ND solution was added to the homogeneously sonicated Gr, G and CNT solution, 

respectively, followed with sonication for 10 min after the other half of the solution is poured. 
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 While, for Gr-CNT-ND hybrid, the homogeneously sonicated ND solution was equally 

divided into two halves. The one half of the ND solution was mixed into Gr solution in parts, while 

the other half was mixed into CNT solution in parts, followed with sonication for 10 min after each 

time the solution is poured.  Finally, both the binary solutions were then mixed together and 

sonicated for another 20 min till the homogeneous solution is prepared.  

After the fillers were homogeneously dispersed in each case, epoxy was poured into the 

solution in three equal parts with intermittent mixing. Care was taken to confirm proper dispersion 

of viscous epoxy solution by sonicating the solution for 10 min in between each part of epoxy is 

added. Sonication was continued for around 20 min after all the epoxy is poured. The solution was 

then kept over hot plate magnetic stirrer at 70⁰C, for 6-7 hours, rotating at 400 rpm, to remove all 

the acetone completely. 

3.2.2   Fabrication of Different Composite Systems 

3.2.2.1   Nanofiller Epoxy Composite 

Once the acetone is removed completely, the hardener is added to epoxy in the ratio of epoxy: 

hardener as 100:38 parts by weight. The mixture (resin) is then subjected to vacuum to remove the 

trapped air and reduce porosity. It is finally poured into silicon rubber moulds and left for room 

temperature curing. The unary composites were fabricated for 0, 0.1, 0.2, 0.3, 0.5 & 1 wt% 

reinforcement content. For binary composite, two compositions were selected, i.e. the highest value 

out of the individual best (optimized unary composition) and the sum of individual best of 

Gr/CNT/ND epoxy composite. Both compositions were tested for 5 different ratios i.e. 100:0, 75:25, 

50:50, 25:75, 0:100.  

Similarly, for ternary combination two compositions were selected i.e. the sum of individual 

best (optimized composition) of Gr/CNT/ND epoxy composite and the other composition is the one 
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which gave best combination of properties for binary composite. Both the composition were tested 

for 4 different ratio of Gr:CNT:ND i.e. 25:25:50, 25:50:25, 50:25:25 and 33:33:33. 

3.2.2.2   Multiscale Carbon Fiber Epoxy Composite 

Once the acetone is removed completely, the hardener is added to epoxy in the ratio of epoxy: 

hardener as 100:38 parts by weight. The mixture (resin) is then subjected to vacuum to remove the 

trapped air and reduce porosity. The composite laminate was than fabricated from eight layers of 

bidirectional carbon fabric using the nanofiller modified epoxy, as well as, neat epoxy. The 

laminated composite was fabricated using vacuum resin transfer moulding process, where a steel 

plate was kept underneath. A teflon film was inserted at one edge in the mid plane to provide a starter 

pre-crack notch for interlaminar fracture toughness samples, before sealing the sample inside the 

vacuum bag. After resin infusion, the bag was then left for 24 h at room temperature for curing.  

The compositions selected here are optimized from the systematic studies conducted in for 

each nanofillers at different compositions and combinations. The composite laminate was fabricated 

for pure epoxy, 0.8 wt% (25Gr:25CNT:50ND), 0.8 wt% (25Gr:50CNT:25ND) and 0.8 wt% 

(33Gr:33CNT:33ND) and will be referred hereafter as, CF-epoxy, 225 GCN CF-epoxy, 252 GCN 

CF-epoxy and 333 GCN CF-epoxy composite. The samples were then cut from the laminates for 

uniaxial tensile test, interlaminar as well as intralaminar fracture toughness and interlaminar shear 

strength. 
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3.3  Characterizations 

3.3.1   Microstructural and Structural Characterization of Nanofillers and Composite 

3.3.1.1   Scanning Electron Microscopy 

Once the nanofillers are homogeneously dispersed and exfoliated in acetone, prior to epoxy 

addition, a drop of the solution is suspended on carbon tape and left to air dry. The carbon tapes were 

then exposed to Field Emission Scanning Microscope (FE-SEM, Carl-Zeiss Ultra Plus) operated at 

20 kV operating voltage to confirm the morphology, dispersability and arrangement of nanofillers 

in unary, binary and ternary combinations. The fractured surfaces of composites were investigated 

for defects (porosity, cracks etc.), interfacial interaction, active strengthening and toughening 

mechanism in composites. All samples were sputter coated with gold before observing in FE-SEM. 

3.3.1.2   Transmission Electron Microscopy 

After the nanofillers are homogeneously dispersed and exfoliated in acetone, prior to epoxy 

addition, a drop of the solution is suspended on Cu coated Transmission Electron Microscopy (TEM) 

grid placed on Teflon sheet and left to dry. The TEM grid is then exposed to Transmission Electron 

Microscope (TEM, Jeol, JEM 3200FS, USA) operating at 300 kV to verify morphology, 

dispersability and arrangement nanofillers in unary, binary and ternary combinations and interfacial 

interaction (between matrix and fillers).  For verifying, the interaction between ND and epoxy 

matrix, sections having thickness ~70 nm were cut from the composites, through ultramicrotome 

(leica, EM UC6/UC7, Germany) equipped with diamond knife. 
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3.3.1.3   Scanning Probe Microscopy 

The size distribution of ND, Gr and ND decorated Gr were analyzed through Scanning Probe 

Microscopy (SPM) module of Hysitron TI950 triboindenter equipped with three sided berkovich 

indenter with tip radius of 100 nm. The samples were prepared by suspending a drop of Gr, ND and 

ND decorated Gr, produced by wet-mechanical exfoliation (sonication) on silicon wafer. The 

thickness of ND, Gr and Gr-ND were evaluated by processing SPM images through SPIPTM software 

(Image Metrology A/S, Horsholm, Denmark). 

3.3.1.4   Modulus Mapping 

Storage modulus maps of polished surface were obtained in nanoDMA mode using Hysitron 

TI-950 Triboindenter (Hysitron Inc, USA), equipped with three sided berkovich indenter with tip 

radius of 100 nm. The scanning of the surfaces during mapping employs the scanning probe module 

integrated to the nanoindenter. Modulus mapping was done at static load of 2 µN, dynamic load of 

0.3 µN and frequency of 200 Hz. The 2D maps, used to assess the dispersion as well as estimate the 

size, morphology and density of ND rich regions inside epoxy at higher magnification, covers an 

area of 5 µm х 5 µm and 2 µm х 2 µm, respectively. While all other 2D maps used in this study 

cover an area of 10 µm х10 µm on the sample surface. Each map includes a matrix of equally spaced 

256 х 256 points, resulting in 65,536 measurements in each scanning.  

3.3.2   Mechanical Characterization of Composite 

Mechanical properties were analyzed through tensile test, three-point bend test and 

nanoindentation. The tensile test and three-point bend test was done using H25K-S UTM from 

Tinius Olsen Testing Machine Company, USA. 
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3.3.2.1   Tensile Test 

Dog bone samples were made for tensile test according to ASTM D638 (V) standard for 

nanofiller reinforced epoxy composite. The samples were tested at a strain rate of 1 mm/min. While 

for multiscale composite tensile test samples were made according to ASTM D3039.  The samples 

were tested at a strain rate of 1 mm/min. The stress-strain curves of the tensile test specimens were 

used for determination of Young’s modulus (E), tensile strength and % strain (at break). 

3.3.2.2   Fracture Toughness 

Single etched notched beam (SENB) samples were tested using 3-point bend test set-up at a 

strain rate of 1 mm/min. Force-displacement curve was used to determine fracture toughness of pure 

epoxy and composites. ASTM D5045-99 was used for calculating fracture toughness.  

Five samples for each composition were tested for the repeatability of the results and the 

average of these quantities, with standard deviation, were reported. Failed samples from tensile and 

fracture toughness tests were characterized using FE-SEM to understand the failure mechanism. 

3.3.2.3   Nanoindentation Elastic modulus and Hardness 

Nanoindentation test was performed using Hysitron TI-950 Triboindenter (Hysitron Inc, 

USA), equipped with three sided berkovich indenter with tip radius of 100 nm, to determine the 

modulus (E) and hardness (H) of the composite. It was operated at a loading rate of 100 µN/s, up to 

maximum load of 1000 µN for CNT/Gr epoxy composite and 500 µN for ND epoxy composite with 

2 s holding at peak load. To prevent any damage to the tip due to the high hardness of ND in 

comparison to Gr and CNT, the peak load was chosen less. Fifteen indents were taken on each 
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sample to evaluate the average hardness of the composite. Young’s Modulus was determined from 

the unloading part of the load vs depth plot of the indents following the Oliver–Pharr method. 

3.3.3   Interlaminar Properties of Laminated Fiber Composite 

Interlaminar properties were analyzed through tensile test, short beam shear test, three-point 

bend test and double cantilever beam test using H25K-S UTM from Tinius Olsen Testing Machine 

Company, USA. 

3.3.3.1   Interlaminar fracture Toughness 

Interlaminar fracture toughness test was done using H25K-S UTM from Tinius Olsen 

Testing Machine Company, USA. ASTM D5528, modified beam theory (MBT) method was used 

for calculating interlaminar fracture toughness. Double cantilever beam (DCB) samples that were 

165 mm in length, 20 mm in width and initial crack length 50 mm were tested at a strain rate of 1 

mm/min. The samples were cut from a 180 mm × 160 mm composite plate, fabricated by stacking 8 

layers of carbon sheets. A non-adhesive vacuum bagging plastic film of length 63 mm, sprayed with 

mould release agent, was inserted at the mid plane to form an initiation site for delamination.   Load 

vs displacement plot was recorded to measure the interlaminar fracture toughness using the equation 

given below. 

𝐺1 =
3𝑃𝛿

2𝑏(𝑎+ |∆|)
                                                                                                                     (1) 

Where, P is the load, δ is the load point displacement, b is the specimen width and a is the 

delamination length, |∆| may be determined experimentally by generating least square plot of cube 
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root of compliance √𝐶
3

 as  function of delamination length. Compliance C is the ratio of load point 

displacement to the applied load. 

3.3.3.2   Interlaminar Shear Strength 

Short beam shear test was used to measure the interlaminar shear strength (ILSS) of 

composites according to ASTM D2344.  The sample was loaded under 3 point bending with strain 

rate of 2 mm/min. Load vs displacement plot was recorded for each sample. The length to thickness 

and span to thickness ratio were kept constant at 7 and 2. The interlaminar shear strength is calculated 

using equation 2. 

𝐼𝐿𝑆𝑆 =
3𝑃

4𝑏𝑡
                                                                                                                              (2) 

Where P is the load, b is the specimen width and t is the specimen thickness. 

Five samples for each composition were tested for the repeatability of the results and the 

average of these quantities, with standard deviation, were reported. Failed samples from interlaminar 

fracture toughness tests were characterized using FE-SEM to understand the failure mechanism. 

3.3.4   Thermal Degradation Analysis 

Thermogravimetric analysis (TGA) was performed using SII 6300 EXSTAR TG/DSC 

instrument to study the change in thermal stability of pure epoxy with addition of nanofillers and 

carbon fiber reinforcement. For TGA, 10 mg of sample in powder form was heated from 25⁰C to 

600⁰C for nanofiller reinforced epoxy and 25⁰C to 1000 ⁰C for multiscale composite, in alumina pan 

at a rate of 10⁰C/min, under nitrogen purging at a flow rate of 200 ml/min. The thermal degradation 

is studied in terms of percentage weight retention of composite powder with increase in temperature. 



 

 
62 

 

3.3.5   Thermo-Mechanical Characterization of Composites 

Dynamic mechanical analysis (DMA) (Model 8000, Perkin-Elmer) was used to determine 

the thermomechanical properties of epoxy and composites. Rectangular specimens of dimensions 30 

х 10 х 2 mm were tested in a single cantilever mode. All the tests were performed for the temperature 

range of 25⁰C to 250⁰C at the heating rate 2 ⁰C/min for a constant frequency of 1 Hz. and dynamic 

loading range of 0 to 10 N. DMA is used here to study the effect of addition of fillers on the mobility 

of surrounding polymer through properties storage modulus, damping capacity, etc. as a function of 

temperature as well as glass transition temperature of composite system. 

3.3.6   Contact Angle Measurement  

After the nanofillers were properly exfoliated and integrated into 3D network, epoxy was 

poured into the solution in parts with intermittent mixing. Care was taken to confirm proper 

dispersion of viscous epoxy solution by sonicating the solution for 10 min in between each part of 

epoxy is added. After the epoxy is poured and mixed properly the solution was then kept over hot 

plate magnetic stirrer at 70⁰C, for 6-7 hours, rotating at 400 rpm, to remove all the acetone 

completely. The uncured epoxy containing well connected 3D network of ternary nanofiller was 

dropped on the carbon fiber surface to study the wettability and infiltration 62ehavior between the 

two, i.e. with and without nanofillers, using sessile drop method (DSA25, KRÜSS GmbH, 

Germany). The contact angle was measured using ImageJ software at different time intervals. 

3.3.7   Numerical Analysis  

Numerical analysis of RVE was carried out in finite element software ABAQUS using 

python script to evaluate the elastic modulus of randomly dispersed circular shaped particles of ND 
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in epoxy matrix. Uniform displacement boundary condition overestimates the effective properties, 

while uniform traction boundary condition underestimates them. Therefore, periodic boundary 

conditions have been used to evaluate elastic properties in this study.  

To predict the effect of improved exfoliation of Gr with the addition of ND on toughening 

behaviour of epoxy numerical analysis was done. 2D analysis of SENB specimen was performed 

under plane stress condition using finite element code in ABAQUS software. Elastic properties 

obtained using Hashin-Shtrikman approach were used in the FE analysis. As a response, force and 

displacement were obtained under specific loading and boundary conditions.
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Comparing the Potential of Nanodiamonds, Carbon Nanotubes and Graphene as 

Reinforcement to Epoxy Matrix  

The present study investigates the effect of CNT, Gr and ND as individual reinforcements in 

epoxy matrix, for a range of nanofiller content (0.1 – 1 wt%). A number of articles are available in 

open literature regarding the mechanical, thermal, electrical and thermomechanical properties of 

CNTs, Gr and ND in polymers, used individually as reinforcement, especially in epoxy resins. 

However, it is difficult to get a comparative view on the effect of these reinforcements on epoxy, just 

from articles studies made individually, as the compositions, fabrication techniques and processing 

conditions vary widely from case to case. These are important factors, having significant effect on 

the final property of the composite. The behaviour of these nanofillers and their interaction with 

epoxy matrix can be quite different, considering their vastly different morphologies. At the nano-

scale length, morphologies become very significant in defining the behaviour of any material, as 

compared to their bulk counterparts. Thus, it is highly possible that CNTs, Gr and NDs might show 

their best effect/outcome as reinforcement at different contents. This requires comparative analysis 

of the effect of reinforcement for a range of content. 

Thus, composites, containing different amount of nanofillers, are fabricated using ultrasonic 

cavitation (probe sonicator), a strong tool for effective dispersion of nanofillers in matrix. 

Mechanical (tensile and fracture) properties are studied thoroughly. The mechanical properties are 

analysed in terms of Young’s modulus, ultimate tensile strength, % strain (at break) and fracture 

toughness. Thorough microstructural studies are performed to evaluate dispersion, strengthening 

and toughening mechanisms operating. DMA is used to study the effect of temperature on 
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mechanical properties, like, storage modulus and glass transition temperature, crosslinking density 

and damping capacity of the composites, as a function of different reinforcement types and content. 

The results, obtained from all the tests, are thoroughly analysed to comprehend the individual effect 

of each of these nanofillers, i.e., CNT, GNP and ND, on the performance of the composites, during 

service condition in structural applications. 

 

4.1.1   Microstructural Characterization of Nanofillers to Confirm Morphology and Dispersion 

FE-SEM and TEM micrographs, revealing the morphology of CNT, Gr and ND, are as shown 

in figure 4.1. The micrographs in figure 4.1(a, d) reveals the tube like morphology of CNT with outer 

diameter of ~40 nm. CNTs are found entangled together due to their high aspect ratio.  The 

morphology of Gr is in the form of stacked wrinkled nanoplatelets, as revealed in figure 4.1(b). The 

opaque dark black color in TEM image in figure 4.1(e) confirm the stacking of Gr. The nanosheet 

has dimensions of ~15 µm along the length and ~10 µm along the width (figure 4.1b). Due to the 

smaller size and high surface energy, the NDs can be seen forming small clusters (figure 4.1(c & f)). 

However, the agglomeration in case of ND is not that severe. This is due to the spherical morphology 

of ND, which has a less tendency to agglomerate as compared to the sheet or tube like morphology. 

The average size of NDs is ~10 nm. Comparatively analysis of figure 4.1 with figure 2 clearly shows 

the extent of dispersion achieved, post sonication.  

Stacking of Gr nanosheets, entanglement of CNTs and clustering of NDs reduce the overall 

exposed surface area. Thus, the total interface area with the polymer matrix is reduced in the 

composite structure. Due to high surface energies, nanofillers have the tendency to agglomerate. 

Thus, their effective dispersion is always a challenge.  
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Figure 4.1 FE-SEM and TEM images of (a, d) CNTs, (b, e) Gr and (c, f) NDs 

In order to achieve maximum improvement in properties, ultrasonic cavitation (probe 

sonicator), a strong tool for effective dispersion, was used. The parameters used for sonication play 

a major role. Too low of either amplitude or timing may lead to improper dispersion, whereas too 

high of amplitude or timing may severely damage the surface and reduce the size of CNT/ Gr due to 

breakage [217, 218]. Even the sonication temperature has a detrimental effect on their exfoliation 

[219]. Thus, the parameters of sonication have been optimized in this study to have the optimized 

dispersion without damaging.  

The sonication parameters were optimized and some important modifications were 

incorporated in the fabrication technique as well. The fabrication technique, used in the present 

study, is simple, but at the same time, widely suitable and preferred for bulk production. So, to make 

it more efficient, nanofillers were first thoroughly exfoliated in the solvent and then epoxy was added 
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to it in batches (and not in one go), with significant interval of time in-between. This modification 

in technique has led to better dispersion of fillers and strong interaction with epoxy, leading to 

significant improvement in mechanical behaviour of the composite structure.  

 

4.1.2   Fracture Surface Analysis of Epoxy and Nanofiller Reinforced Epoxy Matrix 

Fractured surfaces of epoxy and CNT/Gr/ND epoxy composites are shown in figure 4.2. 

CNTs, Gr and NDs are found uniformly dispersed and properly embedded in epoxy matrix, revealing 

strong interfacial interaction and effective load transfer (figure 4.2(d, g & j)). The dispersion is highly 

affected by sonication time and amplitude. Higher amplitude and longer sonication times often lead 

to nanofiller damages, like, crumbling and crimpling, leading to deteriorated mechanical properties. 

However, none of these is observed in the present study (figure 4.2). The presence of effectively 

embedded Gr on fracture surface is indicated by the sharp edges of the 2D sheets (figure 4.2(g)).  In 

addition, the wrinkled morphology on the fractured surface denotes a strong interaction between 

epoxy and Gr. This strong interfacial interaction causes epoxy to reflect the wrinkles present on the 

Gr surface, as marked by arrows in figure 4.2(g). The graphene sheets are seen completely wrapped 

within the epoxy matrix with no traces of partially pulled out Gr (figure 4.2(g)). Unlike Gr, uniformly 

distributed and effectively nested CNT can be seen protruding out of the fractured surface (figure 

4.2(d & e)).  

Good dispersion and strong interfacial interaction between ND and epoxy can be clearly 

evidenced from figure 4.2(j & k). No free lying ND or any traces of porosity/hole, due to debonding, 

can be seen on the fractured surface, even at very high magnification. In fact, fracture surface gives 

an impression of being coated with polymer layer, indicating effective load transfer.  
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Figure 4.2 FE-SEM images for fractured surface of (a- c) epoxy, (d- f) CNT-epoxy composite, (g-

i) Gr-epoxy composite and (j-l) ND-epoxy composite 

 

The strengthening effect of CNT/Gr/ND on epoxy can be clearly seen from difference in the 

morphology of fractured surface of pure epoxy and epoxy-CNT/Gr/ND composites. Figure 4.2(a) 

shows the fractured surface of epoxy. The crack, once generated in this surface, propagates through 

until fracture, creating larger single crevices (figure 4.2(b)). However, in case of nanofiller 

reinforced epoxy (figure 4.2(e, h & k)), the fractured surface contains many smaller crevices. These 

are created as a result of resistance to crack propagation, offered by nanofillers.  
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Dispersion of nanofillers is very challenging and with increasing filler content it becomes 

even more severe. As seen from figure 4.2(f, i & l), increase in the Gr and CNT content leads to 

agglomeration. However, none of the fractured surfaces in present study showed traces of porosity 

or holes. These features indicate low adhesion or poor compatibility of nanofiller with epoxy.  At 

higher concentrations, the Gr sheets appear to be on the surface with only one end embedded in the 

matrix, while the rest of it is dangling out with no epoxy traces on the surface. On the contrary, even 

at higher concentrations of CNTs, the agglomerate size is smaller and less severe than Gr. Thus, 

CNTs can retain good adhesion with the matrix. While in case of ND, the agglomerate size is quite 

small and completely coated with epoxy, making it less likely to undergo catastrophic failure. The 

present study also corroborates this differential behaviour of CNT, Gr and ND in epoxy matrix. The 

micrographs clearly show that instead of acting as an anchor to crack propagation, the agglomerated 

reinforcement phases act as sites for stress concentration and crack generation. Thus, apart from 

nanofiller content, its dispersion and interaction with the matrix is influenced by its shape, which in 

turn governs the mechanical properties. 

As seen from these micrographs, due to the small size and spherical shape of NDs, it becomes 

really difficult to even trace them at low content. Therefore, though claimed by many reports [123, 

127, 220, 221], only FE-SEM analysis is neither enough nor satisfactory to prove proper dispersion 

of nanofillers and strengthening effect offered by them. 

 

4.1.3   Mechanical Behaviour of Epoxy and Nanofiller Reinforced Epoxy Composite  

4.1.3.1   Hardness and Elastic Modulus of Nanofiller Reinforced Composite 

Instrumented indentation technique was used to measure the hardness and elastic modulus of 

the epoxy and its composites. Figure 4.3(a, c & e) shows the representative load vs displacement 
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plots obtained from nanoindentation test for CNT-epoxy, Gr-epoxy and ND-epoxy, in load control 

mode. ND-epoxy composites have shown less indentation depth as compared to pure epoxy, for all 

compositions, which indicates higher hardness of the composite. The maximum improvement in 

hardness was 79%, 69% and 470%, for 0.3 wt% CNT, 0.2 wt% Gr and 1 wt% ND, respectively. 

Beyond these contents, the indentation depth increases marginally with increase in CNT/Gr 

concentration, which is due to the porosity and irregularities generated by agglomeration of nano-

fillers. Figure. 4(b, d & f) shows the average hardness and their standard deviation for all 

compositions. Reinforcing epoxy with nanofillers increases hardness. This improvement is due to 

the presence of uniformly distributed stronger reinforcement, which shares the load transferred to 

the matrix and provides high resistance to the matrix against deformation. The improvement in 

hardness, is much higher with ND, than CNT or Gr. This is due to the higher hardness of the former, 

which offers more resistance to deformation. Also, less agglomeration and uniformly distribution 

throughout the matrix at higher concentration results into more number of hard particles resisting 

deformation. Hence, the cumulative resistance to deformation is much higher.  

Similar trend was observed with elastic modulus, as seen from figure. 4.3 (b, d & f). The 

modulus of epoxy increased with increase in nanofiller content. The highest improvement was 31%, 

23% and 94%, with 0.2 wt% Gr, 0.3 wt% CNT and 1 wt% ND, respectively. The strong interfacial 

interaction between the uniformly distributed stiff reinforcement phase and the epoxy matrix resists 

the deformation and help in effective load sharing. The properties deteriorate at further higher 

contents of CNT and Gr, due to the agglomeration, which leads to less population of individual stiff 

reinforcement phase available to resist the deformation of matrix. 
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Figure 4.3 Representative load vs. displacement and elastic modulus-hardness plots for different 

composition of (a, b) CNT-epoxy, (c, d) Gr-epoxy and (e, f) ND-epoxy composites 
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In case of ND, the improvement in modulus of epoxy increased up to 1 wt% ND. However, 

the improvement was not as significant as with 0.5 wt% ND, even though the reinforcement content 

was doubled. This is due to the agglomeration and irregularities that start to appear with increase in 

ND content, leading to poor interfacial interaction. The improvement in hardness is quite significant, 

as compared to elastic modulus, which clearly shows that hardness is less sensitive to agglomeration. 

This is because hardness is improved by inhibiting deformation of matrix, which might be achieved 

by agglomerated NDs also. On the other hand, strong bonding between matrix and reinforcement or 

a good interface is the key reason behind the improvement of elastic modulus. Hence, even a small 

irregularity/non uniformity in structure or discontinuity in interface, due to agglomeration, is quite 

detrimental to modulus of the composite. Thus, the severity of agglomeration affects both hardness 

and elastic modulus, but to different extent.  

4.1.3.2   Tensile Properties to Assess the Strengthening Imparted by Nanofillers to Epoxy 

Matrix 

The typical stress strain response for uniaxial tensile tests of pure epoxy and composites are 

shown in figure 4.4(a, b & c). The properties determined from stress strain curve include ultimate 

tensile strength (UTS) and % strain (at break). A minimum of five samples per composition were 

tested for the repeatability of the results and average of these are reported with the standard deviation 

presented as error bars. As seen from figures 4.4, the addition of nanofillers increases strength and 

elastic modulus of epoxy matrix. The UTS of epoxy increased by ~18 %, ~24% and 56% with 0.3 

wt% CNT, 0.2 wt% Gr and 0.3 wt% ND, respectively. The effective load transfer is the main 

strengthening mechanism in case of composites. The key ingredient to this is good dispersion of 

reinforcement in matrix and the strong interfacial interaction between the two. 
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Figure 4.4 Stress-Strain curve for various composition of (a) CNT-epoxy, (b) Gr-epoxy and (c) ND-

epoxy composite  

 

However, a decrease in tensile strength was seen with the increase in CNT content above 0.3 

wt%, Gr above 0.2 wt% and ND above 0.3 wt%. In fact, for Gr/CNT epoxy composite, above 0.5 

wt%, the UTS became less than that of pure epoxy. The decrease in tensile strength at high nanofiller 

content is due to the high surface energy of nanofiller, which results in aggregation. As shown in 

figure. 4.2(g), the graphene sheets are completely wrapped within the epoxy matrix. No traces of 

partially pulled out Gr from the matrix could be seen on the fractured surface for 0.2 wt% Gr 
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composite. While, at higher concentrations, the sheets appear to be on the surface with only one end 

embedded in the matrix and the rest of it is dangling out with no epoxy traces on the surface (figure 

4.2(i)). This suggests a weak interface between the nanofiller and the epoxy matrix.  

For CNT-epoxy composite structures, the CNTs, which are aligned along the direction of applied 

load, could be seen protruding out of the fractured surface due to debonding with the matrix. This 

signifies fiber pull out due to weak adhesion (figure 4.2(d)). CNTs, aligned in other direction, could 

be seen with their surface exposed (inset figure 4.2(e)). The encircled region in figure 4.2(f) clearly 

shows the agglomerates of CNTs at some places, which acted as sites for stress concentration and 

crack generation. The improved modulus of composite, even after agglomeration, can be correlated 

to the very high modulus of nanofillers (~1 TPa). 

High nanofiller content for ND-epoxy composite leads to decrease in the tensile strength, 

due to agglomeration. However, in all cases, the UTS was better than that for pure epoxy. This is 

because the agglomeration is not that severe even at the highest ND content (1 wt%), as seen in 

figure 4.2(l). The aggregated NDs are seen to be completely impregnated with epoxy, with no free 

lying ND on the surface. Any discontinuity in the network will act as a weakest link for load transfer 

and matrix will fail, when subjected to external loading. However, the severity of agglomeration 

dictates how much prone to fracture the composite is and at what load the composite would fail. 

Gr-epoxy composite performs better than CNT-epoxy composite at low filler content (≤ 0.2 

wt%). Uniformly dispersed sheet of Gr and relatively good sheet/matrix interaction effectively 

improve load transfer efficiency with the matrix and increase the tensile strength. Wrinkled surface 

morphology of graphene sheets is an added advantage as it promotes mechanical interlocking with 

the matrix [78][221]. Further, the rectangular (2-D) shape of graphene increases the packing density, 

thus reducing voids or defects. The poor reinforcement effect of graphene at higher concentration is 
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possibly due to the agglomeration of sheets, leading to weak interfacial interaction. Dispersability 

becomes difficult at higher concentration, due to high specific surface area. However, it is 

encouraging to find out that significant improvement in mechanical behaviour of Gr-epoxy is 

achieved at a very low weight fraction of reinforcement. 

However, for > 0.2 wt% filler content, CNT-epoxy performed better than Gr-epoxy. As 

already discussed, the main strengthening mechanism is effective load transfer and the key 

ingredient to that is good dispersion and strong interfacial interaction. Intercalated 2D planar 

structure, high surface area and the extra ᴨ-ᴨ bond make dispersion of Gr difficult. On the other 

hand, CNTs are comparatively easy to disperse until they have very high aspect ratio [223]. If we 

compare the loading (0.5 wt%) at which both composites show agglomeration, it can be clearly seen 

that the severe agglomeration with no trace of even a thin interfacial layer of epoxy is imaged in the 

pulled out agglomerated Gr (figure 4.2(i)). While, in case of CNTs, the agglomeration was not that 

intense. In fact, the CNTs present in the agglomerate showed decent interaction with the epoxy (inset 

figure 4.2(f)). Therefore, the main reason for failure seems to be stress concentration, rather than 

weak interfacial interaction. Thus, CNT is a more effective reinforcement at high filler 

concentration, due to relatively better dispersion, strong interaction and efficient load transfer. 

Another added advantage is the high aspect ratio or tubular structure of CNT, which increases the 

efficiency of load transfer for the CNTs, aligned along the applied load direction. The probability of 

such occurrence increases with increase in CNT content. 

If we compare ND-epoxy composite with CNT-epoxy and Gr-epoxy composite, the 

improvement in UTS in case of ND epoxy composite is better at every composition. This is quite 

unusual for a spherical morphology, as for effective load sharing the aspect ratio should be high. The 

tensile strength reduced after 0.3 wt% reinforcement content, which is due to clustering of NDs. 
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Though, it was better than epoxy for all cases. Interestingly, with the improvement in strength, 

simultaneous improvement in % strain of epoxy matrix is recorded with ND, with the highest 

improvement of 66% at 0.3 wt%. This improvement in strain with strength is quite unusual, 

considering the brittle nature of matrix. Addition of a hard and stiff reinforcement, is expected to 

make it more brittle. This finding demands further analysis of the mechanism dominating the 

mechanical behaviour of this composite. The spherical morphology of NDs is also believed to play 

the key role. Once a tensile stress is applied to a ND epoxy polymer composite, sliding of the polymer 

chains starts. The motion/rotation of NDs further facilitates this process, thus increasing failure strain 

or ductility [223]. However, this mechanism alone can’t bring such huge improvement. Hence, this 

behaviour of ND in epoxy needs to be further investigated. 

 

4.1.3.3   Fracture toughness to assess the Toughening Imparted by Nanofillers to Epoxy Matrix 

Figure 4.5 presents fracture toughness as a function of CNT, Gr and ND content. Fracture 

toughness of all the nanofiller reinforced epoxy is higher than that of epoxy. The highest 

improvement in Gr-epoxy composite was 102%, obtained with 0.3 wt% reinforcement content. The 

same for CNT-epoxy and ND-epoxy composite was 152% with 0.5 wt% CNT and 85% with 0.3 

wt% ND. 

At least five samples, per composition, were tested for the repeatability of the results. 

Fracture toughness, reported here, is the average values from five tests, with the standard deviations 

presented as error bars. Figure 4.6(i) is the pictorial representation, depicting the fracture toughening 

mechanism active in epoxy, Gr-epoxy, CNT-epoxy and ND-epoxy composite. Figure 4.6(ii) shows 

the FE-SEM micrographs for fracture surfaces of epoxy and its composites. The crack initiated at 

the notched edge under tension for all specimen. As shown in figure 4.6(ii)(a), epoxy resin displays 
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a relatively smooth fracture surface indicating brittle behaviour, which is responsible for the low 

fracture toughness of epoxy. A crack, once initiated, propagates without any obstruction (i.e. 

bridging, deflection or pinning) up till fracture. In case of epoxy, the distance between the two 

cleavages is comparatively wide and smooth. However, with the introduction of reinforcement, 

fracture mode changes, as reinforcement obstruct the path of crack. As shown in figure 4.6(ii)(b & 

c), the rippled or stepped fracture surface of composite suggests toughening by reinforcement. 

 

Figure 4.5 Fracture toughness variation as a function of reinforcement content    

 

In case of Gr reinforced composite, the crack front encounters impenetrable obstacle in the 

form of Gr sheets during propagation. As a result, the crack is deflected, which increases the 

requirement of energy for progression of fracture [225]. A crack encounters multiple such obstacles 

before fracture, increasing the total amount energy absorbed before fracture. A series of obstacles 

on the way causes the crack to bow out between particles, known as crack pinning. It can be clearly 

seen on the fractured surfaces as arched or bow-shaped lines (figure 4.6(ii)(b)). In another instance, 

the crack may find a path of least resistance after repetitive deflection and finally propagates causing 
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failure. In either case, the fractured specimen does not show straight line brittle fracture, or any 

specific crack orientation. Fracture surface for Gr-epoxy, evidenced here, is a rough surface with 

randomly oriented cracks. The wrinkled surface morphology of graphene sheets improves the 

interfacial adhesion by mechanical interlocking with the epoxy matrix, which further resisted crack 

growth. 

 

Figure 4.6 (i) Schematic representation and (ii) FE-SEM images showing dominant fracture 

mechanism in (a) epoxy, (b) Gr-epoxy, (c) CNT-Epoxy and (d) ND-Epoxy composite 
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Fracture toughness results suggest CNT introduced better toughening to epoxy matrix than 

Gr. Figure 4.6(ii)(c) shows the fractured surface for 0.5 wt % CNT, revealing reduction in cleavage 

plane and increment in surface roughness. These features are the result of the distorted path followed 

by crack tip at the wake of CNTs. The toughening in CNT-epoxy composite is caused by matrix 

deformation (elastic deformation or rupture), CNT rupture, interfacial debonding, crack deflection, 

CNT pullout and crack bridging [101]. The most dominant mechanism, out of them, is the crack 

bridging mechanism. CNTs are found acting as bridge in preventing the propagation of crack tip, as 

shown by a blow-out image in figure 4.6(ii)(c). With increase in CNT loading, the aggregates of 

CNTs can be seen (figure 4.2(f)). When subjected to low stress, the agglomerated particle increased 

the stiffness of the material. But, as the stress level is increased, these agglomerated particles act as 

a site for stress concentration or crack generation, finally leading to failure due to crack propagation. 

 In case of ND-epoxy composite, the crack propagation from the pre-notched line was either 

deflected in different angles or crack bows between particles (crack pinning), giving a hemispherical 

morphology (figure 4.6(ii)(d)) on the fractured surface. This is due to the presence of uniformly 

distributed nanodiamonds, which pin the cracks. Due to the presence of uniformly distributed 

nanodiamond, the development of cracks was effectively disturbed. Although the number of the 

cracks increased with increase in ND content, the average size of the cracks reduced as the 

nanodiamond content is increased. Meanwhile, many sub-cracks were induced in the fracture surface 

of the composites. The breakdown of propagating cracks, due to the presence of ND, certainly 

reduced local applied stress and thus contributed to the resistance of fracture. This is one of the main 

reasons for the improvement of the fracture toughness.  

The highest fracture toughness, achieved for both Gr and CNT epoxy composite, is at a 

higher reinforcement content, than the one shown for maximum UTS and E. Higher amount of filler 
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leads to higher active sites for polymer to interact with reinforcement. In strengthening, load transfer 

efficiency is the main mechanism, which requires strong interfacial interaction. But, for toughening, 

the main strengthening mechanism is crack pinning, crack deflection or crack bridging. This requires 

more number of reinforcement interaction points in the path of a propagating crack, to deflect and 

bridge the same. At higher filler content, the crack front encounters more number of impenetrable 

obstacles. As a result, it either gets deflected or pinned down, losing all its energy. However, at very 

high filler content, nanofillers start agglomerating in larger masses and total number of obstacles on 

the path of the crack decreases. 

The toughness, imparted by ND to epoxy matrix, was significant, but less than that by Gr 

and CNT, at same reinforcement content. This is because crack bridging is the most dominant 

toughening mechanism, especially for brittle material. In case of CNT-epoxy, it is the most active 

toughening mechanism, due to the fiber like morphology of CNT. It is also seen active in Gr-epoxy 

system due to the high aspect ratio of Gr. However, in case of ND-epoxy composites, crack pinning 

is the active toughening mechanism, while crack deflection is also seen at ND rich region or cluster, 

but no bridging occurs. 

 

4.1.4   Thermal Analysis of Epoxy and Nanofiller Reinforced Epoxy Composites 

4.1.4.1   Effect of Nanofiller Addition on Thermal Degradation of Epoxy matrix 

Thermal stability of epoxy and nanofiller composites were investigated by 

thermogravimetric analysis (TGA) in nitrogen atmosphere. Degradation in mass as a function of 

temperature is presented in figure 4.7(a-c). Mechanical and/or thermal properties of CNT/Gr/ND-

epoxy composites depend on the extent of dispersion and interfacial interaction between the 

nanofiller and epoxy matrix. Only 5% mass loss occurs up to 300⁰C for nanofiller reinforced 
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composites, which is due to the evaporation of moisture or volatile impurities. The degradation 

temperature was found to be ~340⁰C in each case, which is defined as the point of inflection on the 

TGA curve. The major mass loss of about 50% occurs between 350⁰C to 450⁰C. The incorporation 

of nanofillers did not have any significant effect on the thermal stability of epoxy. A careful 

observation at the initial degradation temperature between 300 ⁰C and 400 ⁰C (inset in the figure 

4.7(b)) showed that the thermal stability of composite with 0.1 wt% Gr is slightly increased by ~5⁰C. 

Thermal stability is reduced at ≥ 0.3 wt% Gr content and the graph shifted towards low temperature 

in comparison with the epoxy. The improvement in thermal stability of the Gr composite is 

postulated due to a sheet barrier effect or torturous path effect, which prevents the entry of oxygen 

and exit of volatile products evolved at high temperature or during thermal degradation [80, 82, 222]. 

As already discussed in previous section, Gr starts to agglomerate at ≥ 0.3 wt%. As a result, 

the uncured epoxy, with reduced cross link density and the oxygen, trapped inside the pores of 

agglomerates, reduces the thermal stability. In addition, the surfaces of the Gr, present in the 

agglomerates, are not completely wrapped with epoxy or are exposed freely. This leads to easy 

oxidation of amorphous carbon present in Gr at high temperature and reduces the stability. However, 

the reduction in thermal stability is not quite significant (~5⁰C).  

On the other hand, CNT reinforced epoxy composite showed lower thermal stability as 

compared to epoxy for all compositions (Figure 4.7(a)). The reason for reduction in thermal stability 

of CNT composites is the formation of conductive network by CNTs. Agglomeration and oxidation 

of amorphous carbon present on the exposed surface of uncoated CNT, similar to graphene, is an 

added reason for degradation at higher loading. However, the decrease in degradation is also non-

significant in case of CNT by ~5C only. As the higher nanofiller content reduced the thermal 

stability, the TGA analysis for 1 wt% Gr and CNT composites was not conducted. 
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Figure 4.7 TGA thermogram for epoxy and various compositions of (a) CNT- epoxy, (b) Gr-

epoxy and (c) ND-epoxy composite 

 

Similarly, ND reinforced epoxy composite showed better thermal stability as compared to 

epoxy for all composition (figure 4.7(c)). As, ND has particle like morphology hence they cannot 

form long conducting networks. Also, ND has high thermal stability, so adding it to epoxy improves 
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its thermal stability by ~5C only. The improvement is not quite significant as the concentration of 

ND is also very low. 

In short, the addition of nanofillers did not show very significant effect on the thermal 

stability. Thus, the nanofiller addition did not have any negative effect on the thermal stability of 

epoxy, while offering impressive improvement in mechanical behaviour. 

 

4.1.4.2   Thermo-Mechanical Analysis of Epoxy and Nanofiller Reinforced Epoxy Composite 

Temperature-dependent mechanical properties of a material system, like, storage modulus, 

is evaluated by subjecting the structures to dynamic loading. Dynamic mechanical analysis was 

performed using single cantilever mode at a ramp rate of 2⁰C/min, constant frequency of 1 Hz and 

dynamic loading range of 0 to 10 N. DMA is used here to study the effect of addition of fillers on 

the mobility of surrounding polymer. The typical DMA plots of storage modulus, as a function of 

temperature, for CNT-epoxy, Gr-epoxy and ND-epoxy composites are shown in figure 4.8(a, c & 

e). The value of storage modulus signifies stiffness of material, which tends to increase with the 

addition of CNT, Gr and ND.  When added in small amount ≤ 0.1 wt%, the nanofillers did not offer 

remarkable effect on the storage modulus of epoxy. This is apparently due to the low amount of filler 

available to interact with the matrix. Increasing the content of CNT, Gr and ND resulted in a 

significant increase of modulus. The maximum improvement of ~29 %, ~26 % and 68% was 

obtained in storage modulus with 0.3 wt% CNT, 0.2 wt% Gr and 0.3 wt% ND, respectively. With 

filler content ≤ 0.2 wt%, Gr showed better reinforcing effect than CNT and ND, which is due to the 

intercalated structure and higher surface area of Gr leading to better load sharing ability. However, 

at 0.3 wt% filler content, CNT proved to be better reinforcement than Gr and ND. Gr tends to 
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aggregate, thus reducing filler matrix interaction. While, ND did not provide much reinforcing effect 

due to its spherical morphology. 

 With further increase in filler content to > 0.3 wt%, the modulus starts to increase for ND 

and reaches highest at 1 wt%. On the contrary, it starts to reduce for Gr and CNT, due to severe 

agglomeration. The retention of higher modulus by composites above room temperature, as 

compared to neat epoxy, is due to the restricted segmental mobility of polymer structure [82]. Storage 

modulus and elastic modulus are different properties. Thus, the values obtained for them are quite 

different. But the trend followed by them is same. 

Figure. 4.8 (b, d & e) are representative tan δ (loss factor) vs. temperature plots, the peak 

value of which suggest the glass transition temperatures (Tg) [84, 86, 100, 226]. The increase or 

decrease in Tg and tan δ peak is thoroughly influenced by the interaction between the CNT/Gr/ND 

and epoxy, as it dictates the segmental mobility of polymer chain. This behaviour can be explained 

by dual monolayer theory which proposes the formation of 2 layers around the nanofillers inside the 

polymer matrix [227]. The first layer, formed close to the filler surface, is tightly clinched to the stiff 

filler hindering the motion of polymer chain. The second layer is formed little away from particle 

surface and is loosely bound. As the filler content increases, inter-particle distance reduces. The 

volume of immobile region also increases as more first layers are formed with higher filler content. 

These happenings lead to higher Tg and lower tan δ.  The glass transition temperature is ~75⁰C for 

pure epoxy, ~100⁰C for 0.3 wt% CNT, ~104.8⁰C for 0.2 wt% Gr and ~85.3⁰C for 0.3wt% ND, which 

are the maximum Tg obtained for each type of composite. On addition of filler ≥ 0.5 wt%, the Tg 

dropped and became less than pure epoxy for Gr-epoxy. It can be attributed to higher mobility of 

uncured epoxy chains caged inside the filler aggregates at high content. The value of loss factor (tan 

δ) signifies damping behaviour, which is a measure of dissipation of energy under cyclic load. 
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Figure 4.8 Typical storage modulus and plots tanδ for various composition of (a, b) CNT-epoxy, (c, 

d) Gr-epoxy and (e, f) ND-epoxy composite as a function of temperature 
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The capacity of composite to absorb the energy by polymer chain sliding is reduced with the 

addition of nanofillers. This is due to the formation of higher volume of immobile region, which 

ultimately leads to reduced tan δ. A low tanδ value is indicative of a material that has a high elastic 

component, while a high value indicates one that is more inelastic.  For pure epoxy, the value of tanδ 

was 1.1, whereas with the addition of CNT/Gr/ND it decreased as low as 0.63, 0.58 and 0.75, with 

0.3 wt% CNT, 0.2 wt% Gr and 1 wt% ND.  

The increase in Tg, for ND-epoxy composites, was almost similar for all compositions. 

Further, the highest improvement in Tg with ND was less, as compared to the other two fillers. This 

is due to the spherical morphology of ND, which tends to rotate, when loaded, thereby increasing 

the segmental mobility of polymer chain. 

The properties, calculated from DMA, are the functions of (a) free volume, (b) cross linking 

density and (c) interfacial interaction between filler and matrix, which controls the segmental 

mobility of chain. The results clearly showed that the addition of Gr and CNT resulted in a 

remarkable increase in the thermo-mechanical stability of the material at higher temperature.  

 

4.1.5 Summary 

Addition of carbon based nanofillers (CNT, Gr and ND) are found to improve the mechanical 

and thermal properties of the epoxy matrix. Where CNT showed highest improvement in fracture 

toughness ~152% by crack bridging, ND showed highest improvement in UTS of 56%, despite its 

spherical morphology (less preferable than the other two). Crack pinning, crack deflection and crack 

bridging being the active toughening mechanism. Sudden decrement in properties were observed for 

all three morphologies with ≥ 0.3 wt% content, due to agglomeration. DMA results indicate the 

improvement in glass transition temperature and storage modulus over pure epoxy. Which is 
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attributed to good dispersion of filler, increase in cross linking density, reduced free volume and 

restricted segmental mobility with improved interfacial interaction. Incorporation of nanofillers did 

not have any significant effect on the thermal stability of epoxy. The highest improvement with each 

filler for all properties is presented in table 2. 

Table 2. % improvement in properties of epoxy with CNT, Gr and ND reinforcement 

Nanofiller 
Improvement (filler content wt%) 

UTS E H K
IC

 Tg E
b
 

CNT 18% (0.3) 31% (0.3) 79% (0.3) 154% (0.5) 25 (0.3) 29% (0.3) 

Gr 24% (0.2) 23% (0.2) 69% (0.2) 102% (0.3) 29.8 (0.2) 26% (0.2) 

ND 56% (0.3) 94% (1) 470% (1) 85% (0.3) 10.3 (0.3) 68% (1) 

 

As seen from table 2, the improvement in majority of properties for CNT is at 0.3 wt%, Gr 

at 0.2 wt% and ND at 0.3 wt%. Therefore, these reinforcement content are the optimized content for 

each filler for unary reinforcement.  

In addition, ND has shown great reinforcement efficiency with highest improvement in 

modulus, hardness, storage modulus and strength along with strain. This behaviour of ND 

necessitates an in-depth investigation. 
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4.2   Evaluating the Micron Level Phase Distribution of Nanodiamond in Epoxy Matrix and 

its Effect on Mechanical Behaviour 

The present study has taken an initiative to understand the distribution of nanophase 

reinforcement in polymer matrix and their behaviour during loading, using 2D modulus mapping. 

High resolution electron microscopy is commonly used for evaluating the quality of dispersion of 

the reinforcement phase in polymer matrix. However, this is not a very suitable technique, 

considering the small sample size used for these microscopy techniques. Further, it is not possible 

to clearly distinguish the nano-sized reinforcement phases in polymer matrix, in some cases. As a 

result, the microscopic images might not be the most effective ones to understand the matrix-

reinforcement interaction and their behavior during load sharing. The composite system, being 

studied here, is a nanodiamond reinforced epoxy resin matrix. Modulus Mapping gives an idea of 

distribution of nanodiamond in matrix, in terms of spatial distribution of micron level higher 

modulus regions in epoxy matrix. The modulus mapping studies, carried out on composites with and 

without application of uniaxial tensile stresses, reveals the active role being played by nanodiamond 

in modulating the mechanical behaviour of the epoxy matrix and the evolution of distribution of the 

former with application of stress. The stiffening effect of nanodiamond dispersed in epoxy matrix 

was evaluated through FEM of representative volume element (RVE). The predicted results were 

then compared with the experimental results obtained from the nanoindentation. ND dispersion and 

interaction with epoxy matrix was even analyzed through TEM.  
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4.2.1  TEM Analysis to Confirm Uniform Distribution and Strong Integration of Nanodiamond 

in Epoxy Matrix 

TEM analysis was done to study the dispersion, interaction and incorporation of ND in 

epoxy. Due to the smaller size and high surface energy, the NDs tend to agglomerate, making its 

dispersion and incorporation in the polymer matrix a challenging task. However, ultrasonication 

technique, as well as, the fabrication method proved to be quite promising in successful dispersion 

and incorporation of ND in epoxy. Figure. 4.9(i) shows region in the matrix of ND-epoxy composite, 

where many round shaped ND particles with varied sizes are randomly dispersed within matrix. It 

can be clearly seen that the NDs are uniformly dispersed and apparently show good interaction with 

the matrix.  

To further confirm the interfacial interaction HRTEM analysis was done. No discontinuity 

can be seen at ND epoxy interface, even at higher resolution, high enough to reveal the fringes of 

ND (figure 4.9(ii)(a)). HRTEM image analysis (figure. 4.9(ii)) also proves that the structures of the 

particles were obvious, with the {111} planes of diamond with interplanar spacing of 0.21 nm. 

Although the area scanned in TEM is quite small to claim uniform dispersion, but the presence of 

the individual ND, having good interface with the epoxy, reveals proper incorporation of ND in 

epoxy matrix. Good dispersion of fillers and strong interface with matrix lead to strengthening of 

structure. 
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Figure 4.9 (i) TEM image of the uniformly dispersed NDs embedded in the epoxy matrix and (ii)(a) 

HRTEM image of the ND-epoxy composite, (b) IFFT simulated image for the selected section and 

(c) Profile of IFFT simulated image. 

 

 

 

 

(i) 
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4.2.2   Analyzing Functional Distribution of ND in Epoxy Matrix through Nano-Scale Modulus 

Mapping 

Microstructural analysis gave a picture about the dispersion of ND as well as its successful 

incorporation within epoxy matrix. However, distribution of elastic modulus at nanoscale is studied 

to understand, how good is the interfacial interaction between the epoxy and ND and how does the 

composite behave when external load is applied with different filler content. 

Microstructural features and mechanical behaviour of structure needs to be assessed in order 

to comprehend the effect of addition of ND on the performance of the composites during service in 

structural applications. However, neither of the study is sufficient and capable enough to understand 

the actual quality of reinforcement dispersion, matrix-reinforcement interaction and their behaviour 

during load sharing. An area map of the cross section of composite, showing the distribution of 

modulus, at different conditions, can be helpful in this regard. 2D modulus mapping using Hysitron 

triboindenter, was performed on all the three planes (X, Y and Z) of the epoxy and ND-epoxy 

composites, both before and after being subjected to uniaxial tensile stress.  

The samples for modulus Mapping were collected from the failed tensile specimen. The one 

half of the dog bone sample, which failed under tensile loading was used for modulus mapping. 

While, exact same sample was prepared by cutting the dog bone sample into two halves using hack 

saw for before loading condition. Both the samples i.e. before and after being subjected to tensile 

loading, were cloth polished to mirror finish. Schematic in figure 4.10 shows the sample sections on 

which modulus mapping was done. The modulus mapping was done near to the fractured surface on 

the gauge length. 
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Figure. 4.10 Schematic of tensile sample used for modulus mapping 

 

 

Figure 4.11 Storage modulus maps for epoxy and ND-epoxy before tensile stress is applied 

 



 

 
93 

 

Figure 4.11 shows the storage modulus maps obtained for epoxy and ND-epoxy composite 

before the uniaxial tensile stress was applied. Storage modulus represents the stiffness of a 

viscoelastic material and is proportional to the energy stored during a loading cycle. In this process, 

the probe is sinusoidally oscillated over the polished surface with a given frequency and load. The 

value of storage modulus signifies stiffness of material, which tends to increase with the addition of 

ND. The first map in figure 4.11 show the modulus of epoxy, while the other two show the modulus 

of ND epoxy composite at different magnifications. Since, it is a very high resolution 2D mapping, 

it can distinguish spatial position of matrix and reinforcement in composite structure. 

The regions of high modulus denote the area having higher concentration of ND, which is 

shown in red color. The continuous gradient of modulus (yellow and green) around this high moduli 

region (red) indicates better load sharing by ND. The presence of these regions suggests better 

interface and good load sharing ability between the ND and epoxy. The color scale for all the 

modulus maps are kept same for the sake of comparison. It can be clearly seen from the maps that 

the average storage modulus obtained for the same area of 5 µm х 5 µm has increased from ~6 GPa 

to around ~15 GPa with the addition of 1 wt% ND. The NDs were uniformly distributed throughout 

the matrix, with domain size of ~500 nm - 600 nm, which are slightly more ND rich than rest of the 

matrix. These domains are uniformly distributed in random directions throughout the matrix. Further 

magnified view in 2 µm х 2 µm map (figure 4.11) clearly reveals that these domains are not the 

agglomerations, as they show smooth transition of modulus towards epoxy matrix.  

Representative property map for the storage modulus of epoxy and ND-epoxy composite in 

all the three planes (X, Y and Z), both before and after applying the tensile stress, are shown in figure 

4.12.  2D modulus maps, as shown in figure 4.11 and 4.12, are taken from the area, which is about 

6-8 mm away from the tip of fractured surface. In order to get a larger picture and develop a better 
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understanding, 10 µm х 10 µm area was scanned in all the three planes. Modulus maps, thus 

obtained, were arranged in 3D to get a volumetric view of the structure, as presented in figure 4.13. 

It can be clearly seen from figure. 4.12(b) that nanodiamonds are uniformly distributed throughout 

the matrix, offering very strong interaction with the epoxy matrix. This feature leads to proper load 

sharing, thereby increasing the average modulus of the epoxy matrix. The red color regions, having 

high ND concentration, as seen for ND epoxy composite in figure 4.11, are not seen in figure 4.12(b). 

This is just because the range of colour scale has been changed from 0-35 GPa to 0-65 GPa, for the 

sake of comparison with samples after tensile loading. After the epoxy and its composite were 

subjected to uniaxial tensile loading, the modulus mapping was performed again to understand if the 

applied stress has brought about any significant change in the internal structure of the composite and 

their active strengthening mechanism. 

Comparison of Figures 4.12(b) and 4.12(c) clearly shows that with application of uniaxial 

tensile stress there is a change in the internal structure of the composite. Upon application of stress, 

the polymer chains and ND tend to redistribute and align themselves in the stress direction, thus 

reducing the domain size. The internal structure of ND epoxy composite looks like a well aligned 

connected network of fibers. These uniformly distributed and aligned NDs, having very strong 

interface with epoxy matrix, lead to improved modulus and strength, due to better load sharing as 

evidenced by the rise of high modulus red color regions. 
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Figure 4.12 Storage modulus maps for (a) epoxy before tensile and the ND-epoxy composite (b) 

before tensile and (c) after tensile test 
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Figure 4.13 Storage modulus maps arranged in 3D for (a) epoxy before tensile and for the ND-

epoxy composite (b) before tensile and (c) after tensile 

(a) 

(b) (c) 



 

 
97 

 

 

Figure 4.14 Storage modulus map for ND-epoxy composite having severe agglomeration  

 

 

Figure 4.15 Storage modulus maps for (a) epoxy and (b) ND-epoxy composite at ~1-2 mm away 

from the fractured surface tip. 
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Storage modulus map with severe ND agglomeration is shown in figure 4.14. It can be clearly 

observed from comparing the storage modulus maps for cross section in figure 4.14 to figure (4.12 

& 4.11). The red region, in figure 4.14 shows a sudden decline in the modulus from 65 GPa (red 

region) to somewhere around 10-15 GPa (surrounding area). While, in figure (4.12 & 4.11) the 

decrease in the modulus is gradual as we move away from red region. This sudden change in modulus 

leads to very high stress concentration, thereby leading to premature failure at very low load 

Modulus maps shown in figure 4.15 are taken from the distance ~1-2 mm away from the 

fracture surface tip. Comparison of maps in figure 4.15 clearly shows that the population and extent 

of cracks, denoted by the light pink region having almost zero modulus, are much less in case of 

ND-epoxy as compared to epoxy. It can be clearly evidenced from the maps that in case of epoxy 

the cracks, once generated on the surface, propagates through till failure. However, the segregation 

of ND, as seen in figure 4.15(b) as red regions, along the boundary of cracks tend to anchor the 

cracks and prevent them from growing. Further, the agglomeration of ND on the crack tips (red 

regions) and in between the cracks (green regions) prevent them from merging. This restricts the 

through and through failure, thus increasing the % strain at failure or toughness of the composite. 

Addition of ND to epoxy not only affects the area surrounding the crack, but, the entire epoxy matrix 

is strengthened. On the contrary, in case of pure epoxy, the area apart from the cracks is also found 

to be really very weak and is almost destroyed, as seen with very low modulus value in the maps.  

Thus, nanoscale modulus-mapping is a great tool to understand the actual quality of 

reinforcement dispersion, matrix-reinforcement interaction and their behaviour during load sharing. 

More interestingly, the effect of loading on redistribution of ND and its significant effect on 

toughening can also be revealed by it. 
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4.2.3   Evaluation of Elastic Property using Numerical Analysis 

Numerical analysis of mechanical properties of these composites structures has been carried 

out to investigate whether the physical distribution and modulus, found through modulus-mapping, 

corroborates the property at macroscale or not. The homogenized elastic property of polymer matrix 

composite, reinforced with hard particles with similar spatial distribution as ascertained through 

modulus maps, was obtained using finite element analysis. The outcomes, thus obtained, were 

compared with the experimental results on composite structure. Also the fibrous structure evolved 

due to redistribution of ND, when subjected to load (as found in modulus-mapping in figure 4.12) 

was compared with that obtained through finite element analysis. The hard particles i.e. 

nanodiamonds, were of the order of ~10 nm. However, due to high surface energy they start to form 

dense colonies of size 500-600 nm inside polymer matrix, as assessed from modulus mapping (figure 

4.11). These colonies were not completely circular, but for the ease of analysis they are assumed to 

be circular in shape with diameter of 600 nm. Nanodiamond possesses elastic modulus of 1 TPa and 

Poisson’s ratio of 0.2 [228]. Epoxy has elastic modulus of 4.6 GPa, as obtained from instrumented 

indentation and Poisson’s ratio of 0.35 (from material datasheet as provided by vendor). 

Approximate density of domains/particles present in 1 wt% ND-epoxy composite was calculated 

from modulus maps (figure 4.11). The density of particles present in the rest compositions were than 

approximated from the ratio of the value obtained for 1 wt%. In order to obtain the homogenized 

response of heterogeneous material, it is required to define the RVE. Physical and geometrical 

properties of a composite were evaluated using a suitable RVE. Therefore, the proper choice of RVE 

determines the accuracy of modeling of a heterogeneous material. The 2D RVE with length and 

width of 10 µm х 10 µm, having randomly distributed non-overlapping circular particles of uniform 

size with diameter of 600 nm, was selected for simulation (figure 4.16(a)). This was adopted based 



 

 
100 

 

on the actual distribution obtained in modulus-mapping. Periodic boundary conditions were applied 

to evaluate the elastic properties. Four node bilinear elements (CPS4R) were used for RVE analysis 

figure 4.16(b). The interface between particles and matrix is modeled as perfect bond in ABAQUS 

software. Principle of strain energy equivalence was implemented in ABAQUS software using 

Python script to evaluate the effective elastic properties of the composite.  

 

 

(c) 

(a) 

(b) 
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Figure 4.16 (a) Schematic representation of the homogenization approach for the periodic 

microstructure, (b) meshed RVE containing randomly distributed circular particles in the continuous 

matrix, (c) RVE subjected to the uniaxial tensile strain, (d & e) reaction force and strain energy 
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curve obtained under the specific loading and boundary conditions, (f) convergence study for 

modulus evaluation against number of elements, (g) comparative variation of the effective elastic 

modulus with weight fraction of the ND obtained from the numerical and experimental analysis and 

(g) the von Mises stress distribution for the RVE. 

 

In this method, the strain energy of the heterogeneous composite is compared with the strain 

energy of the equivalent homogeneous material under similar loading and boundary conditions. The 

total strain energy of a body is given by 

𝑈̅ =
1

2
∫ 𝜎𝑖𝑗 

 

𝑉
𝜀𝑖𝑗𝑑𝑉                                                                                                  (3) 

To evaluate the elastic modulus (E), a uniaxial tensile strain was applied in the x-direction, 

as shown in figure 4.16(c), then the strain energy of homogenous medium is given as, 

𝑈𝑥𝑥 =
1

2
∫ 𝜎𝑥𝑥 

 

𝑉
𝜀𝑥𝑥𝑑𝑉                                                                                            (4)         

As a response of this, reaction force and strain energy were obtained under specific loading 

and boundary conditions (figure 4.16(d & e)), which are given in table 3. By equating the strain 

energy of the equivalent homogenous medium with the strain energy of the heterogeneous 

composite, the elastic modulus is obtained using the following expression:  

𝑈̅ =
1

2
∫ 𝜎𝑥𝑥 

 

𝑉
𝜀𝑥𝑥𝑑𝑉                                                                                  (5)  

Where 
xx and

xx are the stress and strain components respectively. U  is the numerically 

calculated strain energy of heterogeneous medium, due to the action of uniaxial tensile strain.  

The effective modulus, obtained from numerical analysis, is compared to that experimentally 

measured using instrumented indentation. Before evaluating the material properties, a convergence 

study has been performed on the 2D RVE of 10 µm х 10 µm size with 1 wt% ND particles for 



 

 
103 

 

various mesh size (i.e. number of elements). Figure 4.16(f) shows the results of convergence study 

for effective material property evaluation against number of elements. The variation of equivalent 

elastic modulus of composite with weight fraction of nanodiamond is shown in figure 4.16(g). It can 

be clearly seen that the result obtained from numerical analysis are in good agreement with the 

experimental results. At low ND loading, the size of these domains might be smaller than 600 nm. 

This might be the reason why the elastic modulus value obtained from numerical analysis for low 

loading is overestimated. But the effect of size is not yet taken into consideration in this study. 

Table 3. Load, strain energy and elastic modulus of the ND-epoxy composites obtained from 

numerical analysis 

Nanodiamond 

(wt%) 

Particles Load (N) Strain Energy х 10-4 

(J) 

E (GPa) 

0.1 10 1.125 1.12 5.51 

0.2 20 1.198 1.20 5.87 

0.3 33 1.263 1.26 6.19 

0.5 50 1.436 1.44 6.99 

1 100 1.632 1.63 8.15 

 

Further, the von Mises stress distribution map, obtained for 1 wt% ND-epoxy composite, is 

shown in figure 4.16(h), while for all other compositions it is shown in figure 4.17. It can be clearly 

seen from the von Mises stress distribution (figure 4.16(h)) that the stress field in the direction of 

applied stress tend to align the particles in the same direction. The particles, thus lying in almost an 

array, which tend to share the load like a long fibrous network. This observation is in agreement, 

both, experimentally through modulus mapping (figure 4.12(b)) and by numerical analysis (figure 

4.16(h)). It can be also seen from figure 4.16(h) that ND domains lying in very close contact with 
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each other and creating a big agglomeration, leads to a sudden increase in the von Mises stress, 

generated at their interface. This eventually may lead to failure from the interface itself, once the 

stress increases above the elastic limit. These corroborations in observations are again a proof of the 

capability of 2D modulus-mapping in evaluating the physical and mechanical distribution of nano-

phase reinforcements and their role in strengthening behaviour of the composite structure 

 

Figure 4.17 von Mises stress distribution for (a) 0.1 wt% ND-epoxy, (b) 0.2 wt% ND-epoxy, (c) 

0.3 wt% ND-epoxy and (d) 0.5 wt% ND-epoxy composites 

 

. 
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4.2.4   Summary 

2D modulus-mapping is a great tool to understand the distribution of nanophase 

reinforcement in polymer matrix and their behaviour during loading. This study clearly shows the 

potential of using 2D modulus-mapping for detailed analysis of the role of nanophase reinforcement 

in mechanical behaviour of composites. The analysis of maps gives an idea of distribution of 

nanodiamond in matrix, in terms of spatial distribution of micron level higher modulus regions in 

the composite structure. It also gives insight into the matrix reinforcement interaction and its 

behaviour during loading. The NDs efficiently shares the load transferred from the matrix and 

provides high resistance to the matrix against deformation, thereby increasing the modulus by ~94%. 

TEM analysis revealed uniform dispersion and strong interaction of ND with epoxy matrix. Elastic 

modulus value obtained from numerical analysis, done based on the findings from modulus-

mapping, was in good agreement with that obtained from nanoindentation. Apart from these 

findings, this study also develops 2D modulus mapping technique as a generalized tool for evaluating 

the quality of dispersion of the nanoscale reinforcement phases and their role in mechanical 

behaviour of the macro-scale composite structures.
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4.3   Synergistic Effect of Nanodiamond in Binary Combinations with Carbon Nanotube and 

Graphene in Epoxy Composite 

The previous studies verified the potential of ND as a reinforcement to epoxy matrix, both, 

individually as well as in comparison to CNT and Gr, the two most preferred reinforcement for 

polymer matrix, as seen from literature. The large surface area and the high aspect ratio allows the 

better stress transfer between CNT/Gr and polymer. However, the poor dispersion, due to 

entanglement of CNTs and stacking of Gr sheets, restricts their potential as a reinforcement in 

polymer matrix. The present study has taken the initiative to study the potential of ND in exfoliating 

Gr, using very simple, easily adoptable and scalable technique, using the power of ultrasonication. 

The extent of exfoliation of CNT/Gr, both with and without the help of ND, was investigated through 

TEM and FE-SEM. The capacity of ND assisted exfoliated CNT and Gr, as a potential reinforcement 

to epoxy matrix, is then explored in terms of mechanical properties. Tensile test and fracture 

toughness was performed for composites to evaluate their mechanical performance. The fractured 

surfaces of the tensile samples were investigated through FE-SEM to get insight of dispersion, 

interfacial interaction of fillers with matrix and active strengthening mechanism. 

 In case of binary combinations, two compositions are studied. The first composition is the 

highest of the individual best of each filler in binary combination. While, a sum of individual best 

was selected as second composition. As concluded from chapter 4.1, 0.3 wt% for CNT, 0.2 wt% for 

Gr and 0.5 wt% for ND offered best combination of properties. Hence, 0.3 wt% was selected as first 

composition (highest of the two), 0.6 wt% (CNT-ND hybrid) and 0.5 wt% (Gr-ND hybrid) as second 

composition (sum of two) for this study. Composites were compared for different combinations i.e. 

0:100, 25:75, 50:50, 75:25 and 100:0 of CNT:ND and Gr:ND in epoxy matrix at these compositions.  
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4.3.1   Microstructural Characterization to Confirm Morphology of Binary Combinations of 

Nanofillers 

FE-SEM and TEM images for CNT, CNT-ND hybrid, Gr and Gr-ND hybrid are shown in 

figure 4.18. Figure 4.18(i)(a & b) reveal tube like morphology of CNT with outer diameter of ~40 

nm. Due to their high aspect ratio and fiber like morphology, CNTs are found entangled together, 

which reduces the overall exposed surface area. Thus, the total interface area with the polymer matrix 

is reduced in the composite structure. As the entanglement is weak, on the application of stress they 

tend to open-up, which reduces their reinforcement efficiency. This entanglement also leads to 

improper impregnation of epoxy in these regions. 
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Figure 4.18 TEM and FE-SEM images for (i) (a, b) CNT, (i) (c, d) CNT-ND, (ii) (a, b) Gr and (ii) 

(c, d) Gr-ND 

After sonicating CNT in the presence of ND, the NDs cluster attach themselves to the ends 

of CNTs, bridging them together into long chains (figure 4.18(i)(c & d)). This prevents the 

entanglement of CNTs to some extent, thus increasing the overall aspect ratio in the hybrid structure. 

The morphology of Gr is in the form of wrinkled nanoplatelet with nanosheet dimensions of ~15 µm 

along the length and ~10 µm along the width, as confirmed from figure 4.18(ii)(a & b). However, 

the thickness of the Gr or the number of nanosheets stacking is high, as evidenced from the opaque 

dark black colour, which reduces the overall aspect ratio. Thus, the total surface area of Gr, in contact 

with the polymer, is reduced. Further, the sheets are stacked with weak van der Waals force, which 

make them less effective as reinforcement for strengthening and toughening, due to slipping of sheets 
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during application of stress. All these declines the effectiveness of Gr in improving the property of 

the composite as a whole. Thus, exfoliation of Gr sheets is very important 

Addition of ND to Gr, during sonication, is seen to improve exfoliation of Gr sheets. The Gr 

sheets, which appear opaque and black due to stacking of multiple sheets (figure 4.18(ii)(a & b)) 

before addition of ND, are found to be quite transparent after the addition of ND figure 4.18(ii)( c & 

d). The transparency indicates less number of graphene sheets stacked in the structure. The surface 

of Gr sheets is also seen decorated with ND (figure 4.18(ii)(d)), which restricted the π–π stabilization 

and hence inhibited stacking of Gr sheets, thus, improving its overall efficiency as reinforcement.  

Further, the size of ND clusters in hybrid structures is found to be similar or smaller than the 

ultrasonically dispersed NDs, when used as an individual reinforcement (figure 4.18(d)). This 

reveals that the addition of ND promotes effective dispersion of Gr. Both, TEM and FE-SEM image 

analysis confirm the improved exfoliation of Gr, with the addition of ND. 

 

4.3.2   Fracture Surface Analysis to Confirm Dispersion, Proper Integration and Strengthening 

Imparted by Binary Combinations of Nanofillers to Epoxy Matrix 

FE-SEM, the most widely used characterization technique, was used to investigate the 

dispersion of nanofillers and the strengthening effect imparted by them. Figure 4.19(a-g) shows the 

FE-SEM images for fractured surface of CNT-epoxy, Gr-epoxy, ND-epoxy, Gr-ND epoxy and CNT-

ND epoxy composite. As seen from figure 4.4, the tensile properties for CNT-epoxy and Gr-epoxy 

composite decreases beyond 0.3 wt% and 0.2 wt% reinforcement content, respectively, due to 

agglomeration of nanofillers. Therefore, the potential of ND in exfoliating CNT/Gr is investigated 

above 0.2 wt%, i.e.  0.3 wt% and 0.6 wt% for CNT- epoxy composite and 0.3wt% and 0.5wt% for 

Gr-ND epoxy composite. However, the fractured surface of epoxy, reinforced with hybrid fillers, 



 

 
110 

 

were analyzed only at higher filler content, for five different ratios, i.e., 100:0, 75:25, 50:50, 25:75 

and 0:100 (figure 4.19(d-i)). 

Dispersion of nanofillers is a very challenging task and it becomes even more challenging at 

higher filler content. On other hand, reinforcement efficiency of nanofiller reinforced composite is 

highly influenced by the dispersion of nanofillers in the matrix. Therefore, if the dispersion and 

interfacial interaction is found good with higher filler content of 0.6 wt% and 0.5 wt%, it is expected 

be good for lower filler content of 0.2 wt% and 0.3 wt%. Figure 4.19(a-c) shows the images for 

fractured surface of epoxy composite with CNT-epoxy, Gr-epoxy and ND-epoxy composite, with 

0.5 wt% reinforcement content. Comparative analysis of these images shows the severity of 

agglomeration of nanofiller in each case with similar reinforcement content. The agglomeration of 

Gr is most significant and severe in comparison to CNT and ND. Partially pulled out Gr can be seen 

in the fracture surface (figure 4.19(b)), with only one end embedded in the matrix, while the rest 

dangling out of matrix. CNTs also segregate, instead of uniformly distributing throughout the matrix, 

with their ends protruding out. The CNTs are coated with epoxy, with no traces of porosity or voids 

due to weak bonding being visible (figure 4.19(a)). In case of ND at 0.5 wt%, the agglomerate size 

is quite small and completely coated with epoxy, making it less severe or prone to failure, than Gr 

(figure 4.19(c)).  

Figure 4.19(d-f) show the fractured surface morphology for different combinations of 0.5 

wt% ND decorated Gr reinforced epoxy composite. The presence of effectively embedded Gr on 

fracture surface can be evidenced by the sharp edges of the 2D Gr sheets. However, the presence of 

ND on the Gr surface obstructs the clear visualization of wrinkles, as seen in case of Gr epoxy 

composite at lower filler content (figure 4.2(g)). Due to the small size of ND, the presence of ND 

can’t be witnessed very clearly on the fractured surface of these composites, until the ratio of ND is 
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much higher than Gr, as seen in figure 4.19(f). No signs of agglomeration of Gr can be seen on the 

fractured surface, which clearly shows the potential of ND in improving the exfoliation of Gr 

 
Figure 4.19 FE-SEM images for fractured surface of (a) 0.5 wt% CNT, (b) 0.5 wt% Gr, (c) 0.5 wt% 

ND, (d) 0.5 wt % (75Gr:25ND), (f) 0.5 wt% (50Gr:50ND), (g) 0.5 wt % (25Gr:75ND), (h) 0.6 wt% 

(75 CNT:25ND), (i) 0.6 wt% (50CNT:50ND) and (j) 0.6 wt% (25CNT:75ND) epoxy composite  

 

Figure 4.19 (g-i) show the fractured surface morphology for different combinations of 0.6 

wt% ND bridged CNT reinforced epoxy composite. The presence of effectively embedded CNTs on 

fracture surface can be evidenced by their one end protruding out, for the CNTs that are aligned 

along the applied load direction or exposed surface for CNTs aligned transverse to the load direction. 

On the other hand, presence of ND on fractured surface can be evidenced by the bow out or 
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hemispherical morphology, which is very typical of ND. This morphological feature becomes more 

prominent as we move from combinations having lower ND content (figure 4.19(g)) to higher ND 

content (figure 4.19(i)). No signs of agglomeration of CNT can be seen on the fractured surface, 

which clearly shows the potential of ND in reducing the agglomeration. 

 

4.3.3   Mechanical Behaviour of Epoxy Matrix Reinforced with Binary Combinations of 

Nanofillers  

To further investigate the effect of ND in assisting the exfoliation of CNT and Gr, mechanical 

properties of CNT-epoxy and Gr-epoxy composite were compared with and without ND.  One of 

the aims of the study is to improve the effectiveness of CNT and Gr as a reinforcement by achieving 

better exfoliation and integrating them with the matrix. To improve the mechanical behavior of the 

composite, as a whole. The biggest challenge is to assimilate the improvement in exfoliation 

achieved for CNT/Gr with addition of ND into the composite fabricated, especially when the 

production is scaled up. Thus, tensile properties and fracture toughness were studied for the bulk 

composites. 

 

4.3.3.1   Tensile Study to Assess the Strengthening Imparted by Binary Combinations of 

Nanofillers to Epoxy Matrix 

Representative stress-strain plots for different combinations of CNT-Gr epoxy, with 0.3 wt% 

and 0.6 wt% filler content, and Gr-ND epoxy, with 0.3 wt% and 0.5 wt% filler content, are shown 

in figure 4.20(a-d). The quantitative values of UTS and % strain for different compositions and 

combinations, calculated from the stress strain curve, are presented in table 4. The composites, with 
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ND bridged CNT and ND exfoliated Gr as reinforcement, showed better tensile properties than CNT 

epoxy and Gr epoxy composite. The highest improvement, with 0.3 wt.% filler, is obtained with the 

filler ratio of 25CNT:75ND and 25Gr:75ND. The improvement noted in tensile strength and % strain 

is ~16% and 84%, as compared to 0.3 wt% CNT epoxy composite and ~37% and ~57%, as compared 

to pure epoxy, with 25CNT:75ND. While, the improvement in tensile strength and % strain with 

25Gr:75ND are ~17% and ~54%, as compared to 0.3 wt% Gr-epoxy composite and ~34% and ~38%, 

as compared to epoxy. This improvement in properties clearly shows the effect of ND addition to 

CNT and Gr.  

 

Figure 4.20 Representative stress-strain plots for various combinations of Gr-ND epoxy with (a) 0.3 

wt% & (b) 0.5 wt% reinforcement 
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Table 4. Ultimate tensile strength, % strain, % improvement in fracture toughness for epoxy and 

various composition and combination of Gr-ND epoxy composite 

Composition UTS (MPa) % strain 
Improvement in KIC 

(%) 

Epoxy 42.5 ± 1.2 3.05 ± 0.2 - 

0
.3

 w
t%

 

100CNT:0ND 49.8 ± 1.4 2.61 ± 0.3 129 

75CNT:25ND 55.4 ± 1.5 3.68 ± 0.3 139 

50CNT:50ND 57.3 ± 1.5 4.53 ± 0.3 123 

25CNT:75ND 58.1 ± 1.5 4.79 ± 0.3 100 

0CNT:100ND 66.2 ± 1.6 5.03 ± 0.4 91 

0
.6

 w
t%

 

100CNT:0ND 31.9 ± 1.7 2.74 ± 0.4 97 

75CNT:25ND 60.1 ± 1.4 4.65 ± 0.2 163 

50CNT:50ND 56.3 ± 1.3 4.55 ± 0.2 140 

25CNT:75ND 52.5 ± 1.3 3.86 ± 0.2 117 

0CNT:100ND 57.6 ± 1.4 4.49 ± 0.3 54 

0
.3

 w
t%

 

100Gr:0ND 48.6 ± 1.5 2.72 ± 0.1 101 

75Gr:25ND 54.7 ± 1.3 3.19 ± 0.1 114 

50Gr:50ND 55.1 ± 1.2 3.61 ± 0.2 103 

25Gr:75ND 56.9 ± 1.2 4.21 ± 0.2 95 

0Gr:100ND 66.2 ± 0.8 5.03 ± 0.2 90 

0
.5

 w
t%

 

100Gr:0ND 38.9 ± 2.0 2.36 ± 0.1 74 

75Gr:25ND 66.7 ± 1.8 5.03 ± 0.2 131 

50Gr:50ND 55.1 ± 1.6 4.21 ± 0.1 126 

25Gr:75ND 50.4 ± 1.2 3.52 ± 0.1 107 

0Gr:100ND 55.4 ± 1.0 4.76 ± 0.2 60 

 

As seen in chapter 4.1, for reinforcement content higher than 0.3 wt% for CNT and 0.2 wt% 

for Gr, the tensile properties reduced. This detrimental effect is due commencement of 

agglomeration of fillers due to high surface energy at higher filler content. However, addition of ND 

inhibits this agglomeration, as observed earlier through high energy electron micrographs. Thus, to 
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investigate the effectiveness of ND in exfoliating CNT/Gr, tensile properties were studied at higher 

total reinforcement content i.e. 0.6 wt% for CNT-ND and 0.5 wt% for Gr-ND. The ultimate tensile 

strength and % strain improvement was highest with 0.6 wt% (75Gr:25ND), which were ~88% and 

~70%, respectively, as compared to 0.6 wt% CNT and ~41% and 52%, respectively, as compared to 

pure epoxy. With 0.5 wt% filler (75Gr:25ND) reinforced epoxy composite, the improvement in 

ultimate tensile strength and % strain is found to be higher by ~57%, and ~65%, respectively, as 

compared to epoxy and ~72% and ~112%, as compared to 0.5 wt% Gr. In fact, the improvement in 

ultimate tensile strength and % strain was ~17% and ~20% higher than the highest improvement 

achieved with 0.3 wt% (25Gr:75ND). Thus, this clearly proves the effectiveness of ND in exfoliating 

CNT/Gr, even at higher filler content.  

It can be evidenced from figure 4.19 that the fractured surfaces of composite with 0.5 wt% 

CNT and 0.5 wt% Gr show agglomeration. The micrographs clearly show that the agglomerated 

reinforcement phases themselves act as sites for stress concentration and crack generation, instead 

of acting as an anchor to crack propagation. At 0.5 wt%, CNTs can be seen segregated in a small 

region leading to agglomeration, instead of uniformly distributing throughout the matrix. The Gr, 

sheets, on the other hand, appear to be on the surface with only one end embedded into the matrix 

and the rest is dangling out with no epoxy traces on the surface. This suggests a weak interface 

between the Gr and the epoxy matrix, which leads to catastrophic failure. However, with the addition 

of ND, even at higher concentrations, the fractured surface of composite, with ND bridged CNT and 

ND decorated Gr as reinforcement, showed no agglomeration (figure 4.19(d-i)). 

With the improvement in strength, the simultaneous improvement in % strain of epoxy 

matrix is recorded. This improvement is due to the high resistance to crack propagation offered by 

the high aspect ratio CNTs, which causes the crack to travel long path before failure. Addition of 
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ND increased the overall aspect ratio of CNTs, by reducing entanglement and bridging them end to 

end, which increased the resistance to crack propagation further. On the other hand, with improved 

exfoliation of Gr, the population of impenetrable obstacles in the form of Gr increased and instead 

of acting as a site for crack generation they inhibited its growth. The spherical morphology of NDs 

is also believed to play the key role. Once a tensile stress is applied to a polymer composite, sliding 

of the polymer chains starts. The motion/rotation of NDs, attached to Gr surface, further facilitates 

this process, thus increasing failure strain or ductility [224]. 

 

4.3.3.2   Fracture toughness to assess the Toughening Imparted by Binary Combinations of 

Nanofillers to Epoxy Matrix 

Fracture toughness is another very important mechanical property, especially for structural 

applications. The effect of exfoliation of CNT and Gr on the Mode I fracture toughness of epoxy is 

studied here. The fracture toughness for all compositions were higher than that of the epoxy, which 

is 1.75 MPa.m1/2 as seen from figure 4.21.  This is due to the fact that the presence of reinforcement 

changes the fracture mode by obstructing the path of crack. When the crack propagates through the 

matrix, the crack front encounters impenetrable obstacle in the form of CNT, Gr sheets or ND. As a 

result, the crack is deflected, which increases the requirement of energy for further propagation of 

crack. A crack may encounter a series of obstacles on the way, which cause the crack to suppress or 

bow out between particles, leading to crack pinning or the crack may finally find the path of least 

resistance and propagate, after repeated deflections, causing failure. At higher filler content, the 

fracture toughness for all composites, i.e. CNT-epoxy, Gr-epoxy and ND-epoxy, reduced. This is 

due to the agglomeration of filler at higher wt%, as seen from figure 4.19 (a-c). As agglomeration 
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not only reduces the probable sites for crack deflection, but also acts as a site for stress concentration, 

which may lead to premature fracture of the composite. Further, the weak interface between matrix 

and agglomerate allows the crack to easily propagate through the interface, reducing the overall 

fracture toughness of the composite 

Figure 4.21 Fracture toughness plot for various combinations of (a) CNT-ND epoxy composite 

and (b) Gr- ND epoxy composite  

 

With ND bridged CNT and ND decorated Gr as reinforcement to epoxy, the fracture 

toughness is seen to improve both at lower and higher filler content. Further, all combinations of ND 

bridged CNT epoxy composite and ND decorated Gr epoxy composites showed better fracture 

toughness than only CNT epoxy and only Gr epoxy composite with same filler loading.  Sonicating 

CNT, in presence of ND, bridged the CNTs end to end. This increase in the aspect ratio for ND 

bridged CNT resulted in better crack bridging and improved the fracture toughness in 0.6 wt% 

(75CNT:25ND) composition, by ~163%, ~12% and ~33%, as compared to epoxy, 0.3 wt% 

(75CNT:25ND) and 0.6 wt% CNT, respectively.  
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Addition of ND to Gr during sonication improved dispersion of Gr, as the ND got attached 

to the surface of Gr sheet, preventing further stacking of sheets. Better dispersion signifies higher 

number of impenetrable obstacle encountering the crack front, which leads to greater fracture 

toughness. The highest improvement in fracture toughness was ~131 % with 0.5 wt% filler 

(75Gr:25ND), as compared to epoxy.  The same was ~7% and ~36 %, as compared to 0.3 wt% 

(75Gr:25ND) and 0.5 wt% Gr, respectively. Hence, the improvement achieved in the mechanical 

properties with the addition of ND to Gr-epoxy composite, clearly proves the potential of ND in 

assisting exfoliation of Gr. 

 

4.3.4   Thermal Analysis of Epoxy Reinforced with Binary Combinations of Nanofillers 

4.3.4.1   Effect of Addition of Binary Combinations of Nanofillers on Thermal Degradation of 

Epoxy Matrix 

As seen from figure 4.7. in chapter 4.1, the incorporation of CNT, Gr and ND as a unary 

filler to epoxy did not have any significant effect on its thermal stability. Only 5% mass loss occurs 

up to 300⁰C for nanofiller reinforced composites, which is due to the evaporation of moisture or 

volatile impurities. The degradation temperature was found to be ~340⁰C in each case, which is 

defined as the point of inflection on the TGA curve. The major mass loss of about 50% occurs 

between 350⁰C to 450⁰C. The thermal properties of nanofiller-epoxy composites are majorly 

governed by extent of dispersion/exfoliation of nanofillers. As, it controls the extent of interfacial 

interaction between the nanofiller and epoxy matrix. Thermal stability of nanodiamonds assisted 

exfoliated CNT and Gr as a reinforcement to epoxy composites were investigated by 

thermogravimetric analysis (TGA) in nitrogen atmosphere. Degradation in mass, as a function of 
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temperature, is presented in figure. 4.22(a, b &c). Initial mass loss, degradation temperature and 

response was similar to that mentioned above for unary fillers.  

 

Figure 4.22 TGA thermogram for various combinations of (a, b) CNT-ND epoxy composite and 

(c, d) Gr- ND epoxy composite  

 

A careful observation at the initial degradation temperature between 300 ⁰C and 380 ⁰C (inset 

in the figure 4.22) shows the improvement in thermal stability or degradation temperature of epoxy 

by ~10-15⁰C below ~340⁰C, with incorporation of ND exfoliated nanofiller. The improvement in 
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the thermal stability below the degradation temperature of epoxy is due to the presence of uniformly 

distributed and strongly integrated nanofillers, having higher thermal stability than epoxy. Once the 

temperature, rises above the degradation temperature, the epoxy starts becoming thermally unstable. 

Presence of ND bridged CNTs in epoxy, further degrade the thermal stability. The reduction in 

thermal stability is ~15-20℃ over epoxy and around ~10℃ over only CNT around 380℃, was seen, 

which further degraded at a much higher rate with increase in temperature. This reduced thermal 

stability is due to the bridging of CNTs by NDs which formed a long conducting network. Increasing 

the filler content from 0.3 wt% to 0.6 wt% reduced the thermal stability by 3-5℃. This is due to the 

more no. of thermally conducting networks formed at higher concentration. 

Thermal stability of epoxy which reduced at higher temperature with incorporation of ≥ 0.3 

wt% Gr, due to agglomeration, is seen to improve with ND exfoliated Gr by ~10-15⁰C for all 

compositions. The improved thermal stability of epoxy with incorporation of ND exfoliated Gr is 

evidenced for all compositions and combinations, both above and below the degradation temperature 

of epoxy. The improvement in thermal stability of the ND exfoliated Gr epoxy composite is 

postulated due to a sheet barrier effect or torturous path effect, which prevents the entry of oxygen 

and exit of volatile products evolved at high temperature or during thermal degradation. Addition of 

ND improved the exfoliation of Gr, which increased the total no. of sheets available to interact with 

epoxy matrix, thereby increasing the overall thermal stability of epoxy. 

However, in either case, the thermal stability is found to be quite similar for hybrid filler 

irrespective of the difference in ratio. 
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4.3.4.2 Thermomechanical Analysis for Different Combinations of Binary Nanofiller 

Reinforced Epoxy Composite 

As seen from the above studies, addition of ND to CNT and Gr during sonication led to 

improved exfoliation. DMA was done to gauge the effect of addition of fillers on the mobility of 

surrounding polymer through glass transition temperature. So, the effect of addition of, ND bridged 

CNT epoxy composite with 0.3 wt% and 0.6 wt% filler content and ND decorated Gr epoxy 

composite with 0.3 wt% and 0.5 wt% filler content, respectively on the mobility of epoxy matrix 

was studied through DMA. Temperature-dependent mechanical properties like storage modulus and 

damping factor, of a material when subjected to dynamic loading were evaluated using single 

cantilever mode at a ramp rate of 2⁰C/min, constant frequency of 1 Hz and dynamic loading range 

of 0 to 10 N. DMA. 

 Figure 4.23 shows the typical storage modulus vs temperature plots for various combinations 

of CNT-ND epoxy and Gr-ND epoxy composite. It can be seen from the figure 4.23 that with the 

addition of 0.3 wt% CNT and 0.3 wt% Gr the storage modulus of epoxy increases by ~29% and 

~26%, respectively.  This improvement is due to improved load sharing by epoxy matrix with the 

addition of fillers. The storage modulus of Gr epoxy composite is less than CNT epoxy composite 

at 0.3 wt% reinforcement content, this is due to the sheet like morphology and extra π-π bonding of 

Gr they have the tendency to agglomerate at lower reinforcement content than CNT. Increasing the 

reinforcement, content from 0.3 wt% to 0.6 wt% and 0.5 wt% for CNT and Gr, respectively, 

improvement in storage modulus reduced to ~20% and ~8%, respectively. This reduction is due to 

the agglomeration of nanofillers at higher reinforcement content, which reduces the overall filler 

matrix interaction, which is more severe with Gr, as seen in figure 4.2.  
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Figure 4.23 Storage modulus for various combinations of (a) 0.3 wt% CNT-ND epoxy, (b) 0.6 wt% 

CNT-ND epoxy, (c) 0.3 wt% Gr-ND epoxy and (d) 0.5 wt% Gr-ND epoxy composite as function of 

temperature 

Addition of ND improved the storage modulus of CNT, with highest improvement with 0.5 

wt% (25CNT:75ND), by ~11% and ~33%, over 0.6 wt% CNT and pure epoxy, respectively. Further, 

the highest improvement in storage modulus with ND decorated Gr was ~12 % and ~28%, over 0.5 

wt% Gr and pure epoxy, respectively, with 0.5 wt% (75Gr:25ND). This improvement in storage 

modulus at room temperature is due to the improved filler matrix interaction, as ND reduces the 

entanglement of CNT by bridging/connecting them end to end. It also improves the exfoliation of 
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Gr, by adhering to its surface, which prevents the stacking of sheets due to strong π-π bonding. The 

retention of higher modulus by composites above room temperature, as compared to neat epoxy, is 

due to the restricted segmental mobility of the polymer chains in the structure. 

 

 

Figure 4.24 tanδ for various combinations of (a) 0.3 wt% CNT-ND epoxy, (b) 0.6 wt% CNT-ND 

epoxy, (c) 0.3 wt% Gr-ND epoxy and (d) 0.5 wt% Gr-ND epoxy composite as function of 

temperature 
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Representative tanδ (loss factor) vs. temperature plots for various combinations of CNT-ND 

epoxy with 0.3 wt% and 0.6 wt% reinforcement content and for Gr-ND epoxy with 0.3 wt% and 0.5 

wt% reinforcement content is shown in figure 4.24. The peak value of these plots suggest the glass 

transition temperatures (Tg). The increase or decrease in Tg of a composite depends on the interaction 

between the filler and the matrix. If the interaction between the filler and the polymer is strong, the 

segmental mobility is less, which increases the Tg of the composite.  

As explained by the dual monolayer theory, the first layer, formed next to the filler surface, 

is firmly bind to the stiff filler hinders the motion of polymer chain. The second layer is somewhat 

loosely bound, as it is formed little away from filler surface. As we move away from the filler surface 

the layers tend to becomes more and more mobile. Increase in filler content increases the number of 

first layers formed and reduces the distance between the fillers, thereby reducing the volume of 

immobile region. These events leads to higher Tg and lower tan δ. The glass transition temperature 

for epoxy was ~75 ⁰C, addition of CNT improved Tg to ~100⁰C, with further increase in CNT content 

to 0.6 wt% CNT, the Tg reduces to 85.3⁰C, due to agglomeration of CNT. Addition of ND at higher 

reinforcement content, improves the Tg of CNT by 18-22⁰C, over 0.6 wt% CNT. 

Addition of 0.3 wt% Gr, increased the glass transition of epoxy from ~75 ⁰C to ~98⁰C, further 

increase in Gr content to 0.5 wt%, the Tg reduces to ~78⁰C, due to severe agglomeration. Addition 

of ND to Gr improved the Tg by 5-8⁰C, as compared to 0.5 wt% Gr. The improvement in glass 

transition temperature is due to the improved exfoliation of CNT and Gr with the addition of ND. 

Improved exfoliation led to stronger and increased filler matrix interaction, which restricted the 

segmental mobility of chains. Also, the ND which did not participate in exfoliation, helps reducing 

the free volume of the matrix. However, the improvement in Tg with ND is less than that with CNT, 

which is due to the spherical morphology of NDs. With, application of dynamic load at escalated 
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temperature, the ND attached to Gr surface, due to their spherical morphology promotes sliding of 

the polymer chains. Thus, the improvement achieved in the storage modulus and Tg due enhanced 

exfoliation of Gr with the addition of ND, is somewhat suppressed by the increased segmental 

mobility of polymer chain by ND. Higher the exfoliation, more the no of Gr decorated sheets having 

uniformly distributed ND over its surface. Therefore, more no. of ND interacting with polymer 

chains. So, a compromised improvement of around 10⁰C-13⁰C, as compared to epoxy and around 

5⁰C-8⁰C, as compared to 0.5 wt% Gr, is achieved. 

 

4.3.5   Summary 

ND assisted exfoliation of CNT and Gr was successfully achieved using simple 

ultrasonication technique. Transmission electron microscopy and scanning electron microscopy 

confirmed the reduced entanglement of CNT by ND bridging their ends and improved exfoliation 

of Gr and proper integration of ND to the Gr surface. The composites, fabricated with ND bridged 

CNT and ND decorated Gr, revealed improved mechanical behaviour at both filler contents. The 

highest improvement in tensile strength and fracture toughness was seen with 0.6 wt% 

(75CNT:25ND) and 0.5 wt% (75Gr:25ND). These improvements are attributed to good exfoliation 

and strong interaction between filler and epoxy, as investigated through scanning electron 

microscopy of the fractured surface. Storage modulus and glass transition temperature also improved 

as a result of improved exfoliation by ND. The nanofillers did not affect the thermal stability 

significantly, especially below the degradation temperature of epoxy. 
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4.4   Nanodiamonds Assisted Exfoliation of Graphene and its Effect on Toughening Behaviour 

of Epoxy 

Graphene (Gr) is one of the most preferred reinforcement for polymer matrix. The large 

surface area, offered by its 2D structure, allows better stress transfer between Gr and polymer. 

However, poor dispersion, due to stacking of Gr sheets, restricts their potential as a reinforcement 

in polymer matrix. Therefore, exfoliation of multi layered graphene (Gr) sheets through 

ultrasonication is done in the presence of nanodiamond (ND). TEM was done to confirm the role 

played by the ND in hindering restacking of graphene, by restricting the π–π stabilization. The extent 

of exfoliation achieved is further verified by measuring the thickness of Gr sheets for different 

combinations of Gr:ND through SPM. Numerical analysis is done to predict the effect of ND assisted 

exfoliation of Gr in terms of change in total interface area, on toughening behaviour of epoxy matrix. 

The predicted results are then compared to the experimental results, in order to evaluate the 

reinforcement efficiency of ND exfoliated Gr.  

 

4.4.1 TEM Analysis to confirm the Nanodiamonds Assisted Exfoliation of Graphene 

TEM images for Gr and Gr-ND hybrid, at different magnifications, are shown in figure 

4.25(a-j). It can be seen from the figure 4.25(a & d) that the morphology of Gr is in the form of 

wrinkled nanoplatelet, with nanosheet dimensions of ~15 µm along the length and ~10 µm along 

the width. However, the thickness of the Gr or the number of nanosheets stacking is high, as 

evidenced from the opaque dark black colour, which reduces its overall aspect ratio. Thus, the 

total surface area of Gr in contact with the polymer is reduced.  
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Figure 4.25 TEM images at different magnifications for (a, f) 0.5 wt% (100Gr:0ND), (b, g) 0.5 

wt% (75Gr : 25ND) unsonicated, (c, h) 0.5 wt% (75Gr:25ND) sonicated (d, i) 0.5 wt% 

(50Gr:50ND) and (e,  j) 0.5 wt% (25Gr:75ND)  
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Figure 4.25(b & e) shows the TEM image for 75Gr:25ND solution, which was not 

sonicated post mixing. As mentioned in materials and methods section, both Gr and ND were 

first sonicated separately for preparing Gr:ND hybrid. Once they were properly dispersed, they 

were mixed together and the mixture was further sonicated. Figure 4.25(c & f) shows the TEM 

images for 75Gr:25ND sonicated, post mixing. Comparative analysis of figures clearly shows 

that in order to achieve good exfoliation it is necessary to sonicate Gr in the presence of ND. 

Comparing figure 4.25 (b & e) with figure 4.25(c & f) clearly shows the increase in opaqueness 

of Gr sheets, with sonication. Sonicating Gr in the presence of ND, improved exfoliation of Gr, 

which can be clearly evidenced from the TEM images for different combinations of Gr:ND in 

figure (c, f, g-j). The Gr sheets, which were opaque and black due to stacking of multiple sheets 

(Figure 4.25(a)) before addition of ND, is found to be quite transparent after the addition of ND.  

Even, the size/area of the sheets are found to be maintained, post ultrasonication, with no sign of 

significant damage or fragmentation. The surfaces of Gr sheets are seen to be decorated with 

NDs, which restricted the π–π stabilization and hence inhibited stacking of Gr sheets.  

The extent of exfoliation decreases, with the increase in the ND content in mixture 

beyond certain level, it starts agglomerating (figure 4.25(g - j)). This is due to the fact that with 

starting of agglomeration of ND its spatial availability for participating in exfoliation reduces. 

However, the exfoliation achieved is better for all combinations of Gr:ND, as compared to only 

Gr. Highest exfoliation is found at 75Gr:25ND combination. Thus, it can be concluded from 

TEM analysis that Gr should be sonicated in this presence of ND to achieve good exfoliation. 
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4.4.2 Assessing Exfoliation of Graphene with Addition of Nanodiamond by Surface 

Topography Imaging 

The number of layers (thickness), size of the sheets, shape and presence and concentration 

of ND on the Gr surface highly affects its material property like elastic modulus, tensile strength, 

fracture toughness and others.  Due to the nanoscopic nature of these features, the tool that can 

handle morphological characterization on this scale is required. Scanning probe microcopy is such 

a tool that allows evaluation of surface topography with nanometer scale resolution. 2D image, 3D 

profiling and line scan showing variation of thickness for ND, Gr, and Gr-ND, obtained through 

SPM technique, are shown in figure 4.26.  

The potential of ND in exfoliating Gr is measured as difference in thickness of Gr with 

addition of ND, for different ratio. The thickness value for different combinations of Gr:ND 

nanofillers, are presented in table 5. The Gr:ND thickness values  in table 5 are the average values, 

obtained from line scan in four different spots, in five different scanned images, chosen randomly. 

Out of all the line scans, the scan with highest thickness values are presented in figure 4.26, while 

the other three are presented in figure 4.27, along with a black and white 2D images showing 

contrast, confirming the exfoliation for all composition.  
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Figure 4.26 Surface morphology, 3D profiling and line scan with showing variation of thickness for 

(a) NDs, (b) Gr, (c) 75Gr:25ND unsonicated, (d) 75Gr:25ND sonicated, (e) 50Gr:50ND unsonicated 

and (f) 25Gr:75ND sonicated, processed through SPIPTM software  

 

Table 5. Shows the value for thickness and change in thickness for different combinations of 

Gr:ND  

             Compositions Thickness (nm) Change in thickness 

0
.5

 w
t%

 

0Gr:100ND 8 ± 2 - 

100Gr:0ND 130 ± 15 - 

75Gr:25ND (unsonicated) 170 ± 20 ↑ 1.3 fold  

75Gr:25ND 17 ± 2 ↓ 7.6 fold 

50Gr:50ND 37 ± 3 ↓ 3.5 fold 

25Gr:75ND 55 ± 5 ↓ 2.4 fold 
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Figure 4.27 Surface morphology and line scan with surface thickness at three different locations (a) 

NDs, (b) Gr, (c) 75Gr:25ND unsonicated, (d) 75Gr:25ND sonicated, (e) 50Gr:50ND unsonicated 

and (f) 25Gr:75ND sonicated, processed through SPIPTM software  

The thickness values, (table 5) clearly shows that the addition of ND during exfoliation of 

Gr inhibited stacking of Gr sheets. The ND decorated Gr has offered thickness, as low as, 17 nm, as 

compared to 130 nm for Gr. However, it was not the case when dispersed ND was added to disperse 

Gr, but no sonication was done post mixing. The surface thickness was seen to increase to 170 nm 

for 75Gr:25ND, unsonicated. This clearly proves that just mixing the two together does not offer 

any exfoliation. Rather, Gr needs to be sonicated in the presence of ND to have efficient exfoliation.   

 The highest reduction in thickness is achieved with 75Gr:25ND, which is around 7.6 fold as 

compared to Gr.  The NDs can be seen uniformly distributed throughout the Gr sheet (figure 4.26(d)), 

with the 3D profiling showing multiple spikes. With increase in ND content further, the thickness of 
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Gr is seen to increase, as compared to 75Gr:25ND. However, it is always less than only Gr. This 

increase in Gr thickness with increase in ND content is due to the increased affinity of ND to cluster 

at higher concentrations, as evinced from both TEM and SPM images. 

 

4.4.3  Numerical Analysis to Predict the Effect of Exfoliation on Toughening Behaviour of 

Epoxy 

It is confirmed from TEM and SPM analysis that sonicating Gr in the presence of ND 

improves exfoliation. The thickness data, obtained from SPM, shows that the thickness of Gr is 

reduced upto 7.6 times. Improved exfoliation means more number of impenetrable obstacles in crack 

path, which leads to improved fracture toughness. Thus, numerical analysis was done to predict this 

behaviour of epoxy reinforced with both Gr and ND exfoliated Gr,. However, there are several 

limitations in this study. To simulate crack initiation and its successive propagation damage models 

needs to be applied. Each damage models in abaqus need various material properties as input for e.g. 

Hashin damage model for composite requires longitudinal tensile strength, longitudinal compressive 

strength, transverse tensile strength, transverse compressive strength, longitudinal shear strength, 

transverse shear strength, longitudinal tensile fracture energy, longitudinal compressive fracture 

energy, transverse tensile fracture energy, transverse compressive fracture energy, which were not 

available in this study. Another limitation is the small thickness of Gr, which becomes even smaller 

with exfoliation. If the dimension of specimen for numerical analysis is chosen similar to that used 

in experimental analysis, than the number of Gr in  each sample  of size 44 mm x 10 mm x 5 mm 

would be in the order of 105. It is, therefore, not possible to perform simulation for such huge  

population of reinforcement, having such small size. A solution to this limitation is to use a  sub size 
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2D model. However, the results, predicted by sub size specimen, cannot be absolutely compared 

tothose from full size experimental specimen.  

Therefore, 2D analysis of SENB specimen (figure 4.28(a).) having geometry and dimension 

similar to experimental specimen are performed in this study, under plane stress condition, using 

finite element code in ABAQUS software. A typical FE mesh of 2D analysis is shown in figure 

4.28(b).  SENB specimen are modeled using four node bilinear plane stress quadrilateral (CPS4R) 

element, with reduced integration approach. The number of elements and node in FE meshes ranged 

from 5855 elements/6048 nodes to 7580 elements/7779 nodes. SENB specimen is subjected to a 

uniaxial tensile strain at the middle of top surface and lower ends are hinged and roller supported, 

as shown in figure 4.28(c). As a response, force and displacement were obtained under specific 

loading and boundary conditions. Element typs CPS$R were used to avoid problems associated with 

incompressiblity reduced integration element within ABAQUS. Elastic properties obtained using 

Hashin-Shtrikman approach (eq. 6 & 7) are used in the FE analysis.  

𝐸𝐻𝑆+ =
9𝐾𝐻𝑆+𝜇𝐻𝑆+

3𝐾𝐻𝑆++𝜇𝐻𝑆+                                                                                             (6) 

𝐸𝐻𝑆− =
9𝐾𝐻𝑆−𝜇𝐻𝑆−

3𝐾𝐻𝑆−+𝜇𝐻𝑆−                                                                        (7) 

𝐾𝐻𝑆
± = 𝐾2 +

∅

(𝐾1−𝐾2) −1+(1−∅)(𝐾2+
4

3
𝜇2) −1

                                                           (8) 

𝜇𝐻𝑆
± = 𝜇2 +

∅

(𝜇1−𝜇2) −1+
2(1−∅)(𝐾2+2𝜇2)

5𝜇2(𝐾2+
4
3

𝜇2)
 

                                                       (9)                  
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Where, ∅ is the volume fraction (V), 𝐸𝐻𝑆+ and 𝐸𝐻𝑆− are the upper bounds and lower 

bound for  elastic modulus  for 𝜇𝐻𝑆+and 𝜇𝐻𝑆−  shear modulus and 𝐾𝐻𝑆+ and 𝐾𝐻𝑆−are bulk 

modulus, obtained using Hashin–Shtrikman  equations 8 & 9. The upper bound is computed when 

𝐾2 >𝐾1. The lower bound is computed by interchanging the indices in the equations. For upper 

bound  ∅ is V2 and for lower bound ∅ is V1 .  As seen from literature, both Gr and ND possess almost 

similar elastic modulus of 1 TPa and Poisson's ratio of 0.2 [229]. Epoxy has elastic modulus of 

4.6 GPa, as obtained from instrumented indentation and Poisson's ratio of 0.35 [228]. For calculating 

elastic property for composites through Hashin-Shtrikman model, the weight percent of 

reinforcement was first converted to volume percent. The contribution of Gr and ND in that voulme 

percent is then calculated based on their ratio for each composition using eq 10. 

 𝑉𝐸𝐺 = 𝑉𝐺𝐼𝐸 + 𝑉𝑁𝐷                                                                                  (10)                             

VEG is the volume fraction of exfoliated graphene, VG is the volume fraction of graphene in 

Gr-ND hybrid mixture, IE is the no. of times increment achieve in exfoliation and VND is the volume 

fraction of ND in Gr-ND hybrid mixture. Hence, the total voulme of reinforcement post exfoliation 

is the voulme fraction of Gr added in Gr-ND hybrid  miture, multiplied by the number of times the 

exfoliation improved plus the volume fraction of ND in Gr-ND hybrid  miture. The upper bound and 

the lower bound for elastic propeties, thus obtained from Hashin-Shtrikman, contains the effect of 

exfoliation. These elastic properties were then used for numerical analysis of 2D SENB specimen. 
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Figure 4.28 (a) Schematic representation of the SENB specimen, (b) meshed SENB 

specimen and (c) RVE subjected to the uniaxial tensile strain 
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Figure 4.29 Comparison of load vs displacement plot obtained from numerical analysis of SENB 

analysis through Hashin-Shtrikman bounds and experimentally for (a) epoxy, (b) 0.5 wt% 

(100Gr:0ND) epoxy, (c) 0.5 wt% (75Gr:25ND) epoxy, (d) 0.5 wt% (50Gr:50ND) epoxy and (e) 0.5 

wt% (25Gr:75ND) epoxy composite 



 

 
138 

 

The load (force) vs displacement plot for loaded 2D SENB specimens are obtained through 

numerical analysis . Two plots were obtained for each composition , corresponding tomlower and 

upper bound elastic properties, except for pure epoxy. These plots are compared to experimental 

load vs displacement plots for (figure 4.29). The plots obtained from numerical analysis for pure 

epoxy is a very close match with that obtained from experimental analysis, as seen from figure 

4.29(a). For ND exfoliated Gr epoxy composite, the experimental plots lie between the predicted 

plots, for all composition. Further, the experimental plots are more towards the upper bound, which 

signifies the efficiency of ND in exfoliating Gr. The upper bound means the maximum load a crack 

tip can sustain for a particular strain, before its start to propagate. It basically signifies the maximum 

reinforcement efficiency. On the other hand, the lower bound defines the minimum load at which 

the crack propagates, which signifies almost negligible or zero reinforcement efficiency. As the 

experimental plots in this study are a better match with upper bound, it clearly indicates the 

efficiency of ND in exfoliating Gr, followed by the toughening of epoxy matrix..  

The load, sustained by a notched specimen for same strain, is higher for Gr and Gr-ND epoxy 

composites, as compared to epoxy. The highest load is sustained by 75Gr:25ND, which is due to the 

better exfoliation leading to higher interfacial area to share the load. Hence, more load is required 

for opening the crack tip or for crack to propagate. All compositions of Gr-ND epoxy composite 

showed higher load carrying capacity than Gr-epoxy composite. However, for Gr-ND hybrid filler 

with ND ratio > 25, the load carrying capacity decreased due to reduced exfoliation. The results, 

thus predicted, are in good agreement with results obtained from experimental, SPM and TEM 

analysis. 
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Figure 4.30 SENB specimen containing different volume fraction of Gr, distributed in the 

continuous epoxy matrix for (a) Gr and (b) 75Gr:25ND 

 

The von Mises stress distribution, obtained for full sized specimen, does not help in 

understanding and visualising the effect of exfoliation of Gr in toughening the epoxy matrix. Hence, 

the sub size 2D specimen, having length of 1 mm and width of 0.22 mm, with different population 

of Gr for different composition distributed inside epoxy was analysed (figure 4.30). The boundary 

conditions and loading was similar to that of full sized specimen. Similar to full size specimen, the 

number of Gr was increased by the number of times the exfoliation improved for each combination. 

The von Mises stress distributions for all compositions are shown in figure 4.31. The load vs 

displacement plot, obtained for sub sized specimen, does not have any significance and hence, they 

are not presented. 
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Figure 4.31 von-Mises stress distribution for (a) epoxy, (b) 0.5 wt% (100Gr:0ND) epoxy, (c) 0.5 

wt% (75Gr:25ND) epoxy, (d) 0.5 wt% (50Gr:50ND) epoxy and (e) 0.5 wt% (25Gr:75ND) epoxy 

composite 
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It can be clearly seen from von Mises stress distribution that when a SENB specimen is 

loaded, crack propagation in epoxy require less load as compared to Gr epoxy and Gr-ND epoxy 

composite. In case of epoxy (figure 4.31 a), as there is no reinforcement to share load, the stress is 

localized at the points where specimen is loaded (above the crack tip) and where it is supported. The 

stress, is not shared by the entire sample and it is localized near the crack tip, therefore the crack 

propagates at low load figure 4.29(a). With the inclusion of Gr in epoxy matrix, the stress is equally 

shared and distributed among the Gr available in the vicinity of applied load as seen from figure 

4.31(b). Hence, the load required for crack to propagate is higher than that for epoxy as seen from 

figure 4.29(b). With addition of ND, the exfoliation of Gr is improved, increasing the total no. of Gr 

available per unit area for sharing load. This reduces the space between two adjacent Gr, forming a 

well-connected network, as a result the stress is distributed uniformly throughout the matrix, as seen 

from figure 4.31(c). Thus, the load required for crack to propagate will be higher than Gr-epoxy as 

well as only epoxy as seen from figure 4.29(c). Hence, it can be concluded that if the exfoliation is 

better, the number of Gr available to interact with epoxy matrix is more and higher is the load shared 

by them. Therefore, the von Mises stress distribution clearly depicts the toughening imparted by ND 

exfoliated Gr to epoxy 

 

4.4.4   Summary 

ND assisted exfoliation of Gr was successfully achieved using simple ultrasonication 

technique in proper sequence, as confirmed from TEM and SPM analysis. NDs attach themselves to 

the surface of Gr, which restricts the π–π stabilization and hence inhibits the re-stacking of Gr sheets. 

The exfoliation achieved with 75Gr:25ND is 7.6 folds, which is the highest exfoliation among all 
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composition. Improved exfoliation of Gr resulted in better toughening, which is even confirmed 

through von Mises distribution. The load vs displacement plots, obtained from numerical analysis, 

are in good agreement with the experimental results. All of these also prove that the exfoliation of 

Gr plays a key role in improving the mechanical behaviour of the Gr-epoxy composite.
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4.5   Investigating the Potential of Nanodiamonds in Boosting the Synergistic Effect of Gr-CNT 

Hybrid Filler in Epoxy 

In this section, the potential of ND in improving synergistic effect of Gr-CNT hybrid and 

there after its potential as a reinforcement to epoxy matrix is explored. In depth TEM and FE-SEM 

analysis of fillers at different stages of exfoliation, with different combinations of nanofillers are 

investigated. Once the desired exfoliation is achieved, the composite is fabricated and tested for 

mechanical and thermal properties. The fractured surfaces of the tensile samples are then 

investigated through FE-SEM to get insight of dispersion, interfacial interaction of fillers with 

matrix and thus validating the differential mechanical properties across compositions. 

 The optimized composition in unary reinforcement with each filler, is used as an input for 

selecting the composition for binary reinforcement. Similarly, the composite with binary 

reinforcement is tested and analyzed, the optimized composition and combination of binary fillers is 

used as an input for ternary reinforcement. The composites with all the combinations of fillers are 

evaluated for tensile test and fracture toughness.  

 

4.5.1   Microstructural Characterization to Verify the Synergistic Effect of Nanodiamond 

Addition on Graphene-Carbon Nanotube Hybrid filler 

The TEM micrographs, revealing morphology of Gr, Gr-CNT and Gr-CNT-ND hybrids are 

shown in figure 4.32. The TEM image in figure 4.32(a) shows that the morphology of Gr is in the 

form of stacked wrinkled nanoplatelets, as evidenced from the opaque dark black color. To, improve 

exfoliation and prevent the restacking of Gr nanosheets during exfoliation the sonicated solution of 

CNTs were added to Gr solution during sonication.  The improved exfoliation of Gr with the addition 

of CNT can be evidenced in figure 4.32(c). CNTs attach to the surface of Gr sheets preventing them 
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from restacking. However, as already mentioned and seen from figure 4.1(d) CNTs tend to entangle 

due to the tube like morphology, thus reducing the total number of CNTs interacting with the Gr 

sheets. 

In order to overcome this drawback and to further improve the exfoliation, NDs were added 

to Gr-CNT hybrid. The TEM analysis (figure. 4.1(f)) of the ND revealed the spherical morphology 

and the size of individual ND, which is ~10 nm. However due to the small size and high surface 

energy, NDs tends to cluster in a group of 10-15 in number. All three nanofillers i.e. Gr, CNT and 

ND were exfoliated separately. Then, half of ND solution was added to Gr and the other half to CNT 

and sonicated. The TEM image of these binary combinations are presented in figure 4.32(c & d).  

Addition of ND improved exfoliation of Gr sheets. The Gr sheets, which appear opaque and black 

due to stacking of multiple sheets (figure 4.32(a)) before addition of ND, are found to be quite 

transparent after the addition of ND (figure 4.32(c)). The transparency indicates less number of 

graphene sheets stacked in the structure. The surface of Gr sheets is also seen decorated with ND, 

which restricted the π–π stabilization and hence inhibited stacking of Gr sheets. In case of CNT-ND 

mixture, the NDs cluster and attach themselves to the ends of CNTs bridging them together into long 

chains (figure 4.32(d)). This prevents the entanglement of CNTs to some extent, thus increasing the 

overall aspect ratio in the hybrid structure and hence its efficiency as reinforcement. Gr-ND and 

CNT-ND solutions are then added together and sonicated. The hybrid mixture with ternary 

combination of nanofillers thus obtained is shown in figure 4.32(e). The addition of ND to the pre-

synthesized Gr-CNT mixture did not lead to good exfoliation as shown in figure 4.32(f). Infact, 

exfoliating all three separately and then mixing them together in one shot and sonicating also gave 

exfoliation similar to figure 4.32(f). The exfoliation achieved for ternary nanofillers in figure 4.32(e) 
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was better compared to what was achieved in figure 4.32(f). Comparing figure 4.32(b) with figure 

4.32(e) confirms the improved exfoliation of Gr-CNT with the addition of ND. 

 

Figure 4.32 TEM images of (a) Gr, (b) Gr-CNT, (c) Gr-ND, (d) CNT-ND, (e) Gr-CNT-ND 

(exfoliated) and (f) Gr-CNT-ND agglomerated 
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The morphology, exfoliation and placement of nanofillers for Gr, Gr-CNT and Gr-CNT-ND 

combinations were further verified through FE-SEM images (figure 4.33(a-f)). For unary nanofillers, 

the FE-SEM images reaffirms the size and stacking of Gr sheets. FE-SEM images for binary 

combinations of nanofillers confirms the improved exfoliation of Gr sheets, with the addition of 

CNTs and NDs (figure 4.33(b & c)). A comparison of Gr, Gr-CNT and Gr-ND images (figure 4.33 

(a, d & e)), clearly shows that the Gr sheets get exfoliated with addition of both CNT and ND. 

However, the exfoliation achieved with ND is better. Graphene sheets appear thick, torn, folded due 

to multiple sheets of different sizes stacked randomly one over other in figure 4.33(a). They 

transform to, thin, less crumpled sheets with CNTs uniformly distributed over the entire surface 

(figure 4.33(b)) and extremely thin ones with no traces of broken or folded sheets on the surface 

with ND covering the entire surface uniformly (figure 4.33(c)). The exfoliation achieved with ND 

is much better than that with CNTs, due to entanglement in the latter reducing their effective number 

to restricting the stacking of Gr. This is evidenced by the presence of only few CNTs on Gr surface 

and more clustered on the surrounding area (figure 4.33(b)). Figure 4.33(d) confirms the bridging of 

CNTs by ND clusters, preventing the entanglement of CNTs. The FE-SEM image for ternary 

combination of Gr-CNT-ND (by method adopted for this study) reveals improved exfoliation (figure 

4.33(e)), as compared to all binary combinations, as well as, the ternary combination achieved by 

adding ND to the pre-mixed Gr-CNT combination (figure 4.33(f)). Therefore, both TEM and FE-

SEM analysis confirms that the addition of ND improves the exfoliation of the binary combination 

of Gr-CNT, increasing its efficiency as a reinforcement. 
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Figure 4.33 FE-SEM images of (a) Gr, (b) Gr-CNT, (c) Gr-ND, (d) CNT-ND, (e) Gr-CNT-ND 

(exfoliated) and (f) Gr-CNT-ND agglomerated 
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4.5.2   Fracture Surface Analysis of Epoxy Reinforced with Gr-CNT, and Gr-CNT-ND hybrid 

The fractured surfaces of composites were investigated through FE-SEM to study the 

dispersion of nanofillers and the strengthening effect imparted as a result (figure 4.34).  At 0.3 wt% 

Gr addition, the fractured surface of composite shows agglomeration at few places (figure 4.34(a)), 

while CNT and ND reveal good dispersion and compatibility with the epoxy matrix (figure 4.34(b 

& c)). The agglomeration of Gr, even though is not that severe, may still act as a site for failure, 

when subjected to stress due stress concentration and weak interface. With increase in reinforcement 

content further from 0.3 wt% to 0.5 wt%, the size and severity of agglomeration becomes detrimental 

in case of Gr, with only one end embedded in epoxy matrix and rest suspended out (figure 4.34(d)). 

Unlike Gr, the agglomerate size is quite small and completely coated with epoxy in case of CNT and 

ND, making it less prone to failure (figure 4.34(e & f)).   

Figure 4.34(g-i) shows the fractured surface morphology for various combination of Gr-CNT 

hybrid composite. As compared to Gr/CNT-epoxy composite, the Gr-CNT hybrid epoxy composite 

showed better dispersion and interaction with the epoxy matrix at 0.5 wt% content. The addition of 

CNT to Gr led to improved dispersion, as, CNTs bridged the Gr sheets, thus preventing their 

restacking and thereby reducing entanglement of CNTs. The presence of uniformly dispersed Gr-

CNT lead to strong interaction with the matrix, which can be witnessed by the sharp edges of the Gr 

sheets and the ends of CNTs protruding from all the three combinations. However, still the sharp 

edges of Gr sheets at some places can be seen devoid of epoxy, especially with the combinations 

having high Gr ratio.  
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Figure 4.34. FE-SEM images for fractured surface of (a) 0.3 wt% Gr, (b) 0.3 wt% CNT, (c) 0.3 

wt% ND, (d) 0.5 wt% Gr, (e) 0.5 wt% CNT, (f) 0.5 wt% ND, (g) 0.5 wt % (75Gr:25CNT), (h) 0.5 

wt% (50Gr:50CNT), (i) 0.5 wt % (25Gr:75CNT), (j) 0.8 wt% (50Gr:25CNT:25ND), (k) 0.8 wt% 

(25Gr:50CNT:25ND), (l) 0.8 wt% (25Gr:25CNT:50ND) and (m) 0.8 wt% (33Gr:33CNT:33ND) 

epoxy composite  
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To further improve the dispersion, ND was added to Gr-CNT Hybrid. As already mentioned 

in the previous section, instead of adding complete ND to Gr-CNT hybrid. It was divided in two 

equal halves, each of which was separately added to Gr and CNT. Both the solutions were sonicated 

separately, then mixed together and further sonicated. Comparative analysis of FE-SEM images in 

figure 4.34(j-m) show that the dispersion and the interfacial interaction with the matrix for ternary 

reinforcement was much better even at high content of 0.8 wt%. In fact, the dispersion in this case 

was even much better than binary (figure 4.34(g-i)) and unary reinforcement (figure 4.34(a-f)) at 

even lower content. No traces of agglomeration can be seen on the fractured surface for all 

combinations with ternary reinforcement. The fracture surface morphology of composite with 

ternary reinforcement looks very similar. However, the addition of ND to Gr-CNT has changed the 

morphology of fractured surface significantly. Sharp edges and wrinkles on the 2D Gr sheets, which 

are predominant on the fracture surface of Gr-epoxy composite (figure 4.34(a & d)) diminishes in 

Gr-CNT epoxy composite (figure 4.34(g-i)), subsided considerably in presence of NDs. Attachment 

of NDs on the surface of Gr not only helps in inhibiting the stacking of Gr sheets by restricting π-π 

stabilization, but also knits the CNTs into a network, thereby reducing the entanglement. This 

increases the number of CNTs available for interaction, which further inhibits the stacking of Gr and 

improves the efficiency of CNTs as a reinforcement. The improved number and interaction of CNTs 

and ND on the Gr surface and edges prevent the Gr features to be reflected evidently on fractured 

surface of composite. This proves that the interaction between the Gr-CNT is improved both 

quantitatively and qualitatively with the addition of ND.  
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4.5.3   Mechanical Behaviour of Gr-CNT and Gr-CNT-ND Reinforced Epoxy Composites 

4.5.3.1   Tensile Studies to Assess the Strengthening Imparted to Epoxy by Gr-CNT and Gr-

CNT-ND fillers 

Tensile properties were studied to understand the effect of improved exfoliation of 

nanofillers with binary and ternary combinations on epoxy matrix. The representative stress strain 

plots for Gr-CNT epoxy and Gr-CNT-ND epoxy composite for different compositions are shown in 

figure 4.35(a-d). The values of UTS and % strain for different compositions and combinations, 

calculated from the stress strain plots, are presented in table 6. The highest improvement in UTS was 

~25% and ~18% with 0.2 wt% Gr and 0.3 wt% CNT, above which it reduces and becomes less than 

that for pure epoxy with ≥ 0.5 wt % Gr or CNT-epoxy composite (figure 4.4). The FE-SEM 

micrographs in figures 4.34 confirm the same. The micrographs clearly show that with 0.3 wt% Gr 

the agglomeration is not that evident (figure 4.34(a)). However, with 0.5 wt% Gr, the agglomeration 

becomes severe with multiple Gr sheets settled at one place with their edges dangling out, having no 

traces of epoxy on the surface (figure 4.34(a)). This clearly indicates weak interface between Gr and 

epoxy matrix at high content, thereby leading to failure of composite at considerably low load. On 

the other hand, CNTs can be seen properly dispersed throughout the matrix. The ones which were 

aligned along the direction of applied load protruding out of the fractured surface as marked by an 

arrow, while the one encircled is aligned in the transverse direction have their surface exposed, as 

seen in the inset in figure 4.34(b). Agglomeration starts with increase in CNTs content to 0.5 wt%. 

But it is not as severe as with 0.5 wt% Gr, as the CNT clusters can be seen coated with epoxy. The 

agglomerated CNTs act as a site for stress concentration and crack generation, which leads to 

premature failure and low UTS. 
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Figure 4.35 Representative stress-strain plots for various combinations of (a) 0.3 wt% Gr-CNT, 

(b) 0.5 wt% Gr-CNT, (c) 0.5 wt% Gr-CNT-ND and (d) 0.8 wt% Gr-CNT-ND epoxy composite 

The highest UTS value was recorded with 0.2 wt% Gr and 0.3 wt% CNT. So, two 

compositions were selected for Gr-CNT hybrid composite as following: the highest value out of the 

individual best i.e. 0.3 wt% and; sum of individual best i.e. 0.5 wt%. These two compositions were 

tested for 5 different combinations of Gr:CNT i.e. 100:0, 75:25, 50:50, 25:75 and 0:100, the 

representative stress strain plots for which is shown in figure 4.35(a & b)).  The UTS was higher for 

all combinations of Gr:CNT epoxy composite as compared to epoxy matrix and Gr/CNT-epoxy 

composite. The maximum improvement achieved in UTS was ~42% and ~60% in 0.5 wt% (75 Gr: 

25CNT), as compared to pure epoxy and 0.5 wt% Gr, respectively. The fractured surface of Gr-CNT 
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hybrid does not show any traces of severe agglomeration with 0.3 wt % or 0.5 wt % reinforcement 

content (figure 4.34(g-i)). This reveals that the CNTs have the potential to improve the exfoliation 

of Gr. However, the combination with high Gr content (figure 4.34(g)) at few places shows small 

edges of pulled out Gr.  

 

Table 6. Ultimate tensile strength, % strain, % improvement in fracture toughness for various 

composition and combination of Gr-CNT and Gr-CNT-ND epoxy composites 

Composition UTS (MPa) 
 

% Strain 

 

Improvement 

in KIC (%) 

     Epoxy 42.5 ± 1.2 3.05 ± 0.2 - 

0
.3

 w
t%

 

100Gr:0CNT 48.7 ± 1.5 2.72 ± 0.3 101 

75Gr:25CNT 53.9 ± 1.4 3.02 ± 0.2 111 

50Gr:50CNT 43.8 ± 1.3 2.65 ± 0.2 117 

25Gr:75CNT 54.9 ± 1.3 2.56 ± 0.2 123 

0Gr:100CNT 49.9 ± 1.4 2.6 ± 0.3 128 

0
.5

 w
t%

 

100Gr:0CNT 38.9 ± 1.5 2.36 ± 0.4 74 

75Gr:25CNT 62.1 ± 1.3 3.28 ± 0.2 123 

50Gr:50CNT 59.2 ± 1.2 3.06 ± 0.2 128 

25Gr:75CNT 60.0 ± 1.2 3.10 ± 0.2 140 

0Gr:100CNT 39.5 ± 1.3 2.42 ± 0.4 154 

0
.5

 w
t%

 25Gr:25CNT:50ND 53.5 ± 1.2 2.47 ± 0.3 80 

25Gr:50CNT:25ND 51.0 ± 1.3 3.18 ± 0.3 91 

50Gr:25CNT:25ND 52.2 ± 1.3 3.06 ± 0.3 78 

33Gr:33CNT:33ND 56.8 ± 1.2 3.62 ± 0.3 87 

0
.8

 w
t%

 25Gr:25CNT:50ND 64.2 ± 1.2 3.95 ± 0.2 155 

25Gr:50CNT:25ND 54.2 ± 1.2 3.52 ± 0.2 165 

50Gr:25CNT:25ND 55.9 ± 1.2 4.72 ± 0.2 148 

33Gr:33CNT:33ND 59.8 ± 1.2 4.38 ± 0.2 158 
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For further improving the synergistic effect of Gr-CNT hybrid, ND was added. The tube like 

morphology of CNT, having high aspect, tend to cause entanglement. This leads to reduction in the 

overall aspect ratio, surface area and efficiency of CNT in exfoliating Gr, as well as, reinforcement. 

The Gr-CNT-ND hybrid were tested for two compositions, i.e., 0.5 wt% and 0.8 wt% for 4 different 

combinations of Gr:CNT:ND i.e. 25:25:50, 25:50:25, 50:25:25 and 33:33:33. The highest 

improvement in UTS was ~34% with 0.5 wt% (33Gr:33CNT:33ND) as compared to pure epoxy. 

However, the improvement is not as much as expected, it is less than that obtained with Gr-CNT 

hybrid. As seen from the table 6 that combinations of Gr-CNT-ND having higher ND ratio had 

higher UTS. This means that the amount of ND is not enough to achieve the desired exfoliation 

leading to the morphology similar to figure 4.33(f), where Gr is not properly exfoliated and ND 

bridged CNTs are seen sitting at very few places. To overcome this drawback, the reinforcement 

content was raised from 0.5 wt% to 0.8 wt% for the same ratios of nanofillers. This was decided as 

the total reinforcement content being the sum of individual best (optimized composition) of Gr, CNT 

and ND-epoxy composites, i.e., 0.2 wt%, 0.3 wt% and 0.3 wt%, respectively. The highest 

improvement in UTS was obtained with 0.8 wt% (25Gr:25CNT:50ND) to be ~51% and ~20%, 

respectively, as compared to pure epoxy and 0.5 wt% (25Gr:25CNT:50ND). The higher value of 

UTS for all combinations with increase in reinforcement content from 0.5 wt% to 0.8 wt% proves 

the potential of ND in improving exfoliation of Gr and reducing entanglement of CNTs. The fracture 

surface morphology in figure 4.34(j-m) shows very uniform dispersion, with no trace of 

agglomeration or free lying Gr, CNT or ND. These observations suggest strong interfacial interaction 

and no discontinuity or stress concentration.  

The fractured surface morphology for ternary reinforcement has more resemblance to ND 

epoxy composite, rather than wave or ripple like morphology of Gr epoxy composite formed due to 
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the sharp edges of Gr. As, due to the good exfoliation of Gr sheets, its surface as well as the edges 

are completely covered with ND and ND bridged CNT which is then effectively wrapped in epoxy, 

making their presence less evident on fractured surface. Similarly, the ends of CNTs, which were 

earlier seen protruding out of the fractured surface throughout the matrix, are rarely seen due to the 

ends of CNTs bridged by NDs.  This uniformly dispersed well connected network of Gr-CNT-ND, 

having strong interfacial interaction with epoxy, is the key to efficient load transfer from matrix to 

reinforcement. Any discontinuity, whether agglomeration (stress concentration or crack generation) 

or weak interface, will lead to inefficient load transfer or premature failure when loaded externally. 

 

4.5.3.2   Fracture Toughness to Assess the Toughening Imparted to Epoxy by Gr-CNT and Gr-

CNT-ND fillers 

The composites were also evaluated for fracture toughness, as it is another very important 

mechanical property that needs to be evaluated for structural applications, especially with brittle 

epoxy matrix. The presence of reinforcement not only changes the fracture toughness of matrix, but 

its morphology affects the mode of fracture and the active toughening mechanism. Thus, fracture 

toughness is the property, which is affected the most by the extent of dispersion as well as the 

morphology of reinforcement. The fracture toughness values, calculated from 3-point bend test, are 

shown in figure 4.36(a & b) for binary and ternary compositions. The fracture toughness values for 

all compositions and combinations are higher than that for pure epoxy and the % improvement in 

fracture toughness w.r.t epoxy is presented in table 6. The increase in fracture toughness is due to 

the presence of nanofillers, which changes the mode of fracture by impeding the path of crack. In 

case of epoxy, the crack once initiated propagates through the sample up till fracture, without getting 

deflected, bridged or pinned down by any impenetrable obstacle. However, with the addition of 
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nanofillers, the crack front encounters a series of impenetrable obstacle in the form of Gr, CNT or 

ND.  

In case of nanofiller reinforced epoxy composite, the toughening is caused by matrix 

deformation, interfacial debonding, nanofiller rupture, crack deflection, crack bridging or crack 

pinning. The crack is deflected, bridged or pinned due to interaction with nanofillers, which creates 

the requirement of more energy for further propagation of the crack. A crack may even get fully 

suppressed after encountering multiple of such occasions or it may finally find the path of least 

resistance and propagate causing failure. The increase the fracture toughness of epoxy matrix is 

noted as ~101%, 154%, 140% and 165% with 0.3 wt% Gr, 0.5 wt% CNT, 0.5 wt% (25Gr:75CNT) 

and 0.8 wt% (25Gr:50CNT:25ND), respectively.  

 

Figure 4.36 Fracture toughness plots for various compositions and combinations of (a) Gr-CNT 

and (b) Gr-CNT-ND epoxy composite 

Higher filler content for Gr-epoxy (0.5 wt%) and Gr-CNT (1 wt%) composites lead to 

reduction in fracture toughness, due to agglomeration of reinforcement phases, as seen from figure 

4.34(d & e). Agglomerated nanofillers act as sites for crack generation, due to stress concentration. 

Further, agglomeration reduces the effective spatial distribution of reinforcement phases, leading to 
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reduction in number of probable sites for crack deflection. In addition, weak interface between 

matrix and agglomerate allows the crack to easily propagate through the interface. All of these result 

into deterioration of overall fracture toughness of the composite structure.  

Addition of CNTs improved the fracture toughness of Gr epoxy composite. The improvement 

was ~31% and ~9%, as compared to 0.5 wt% Gr and 0.3 wt% (25Gr:75CNT), respectively, with 0.5 

wt% (25Gr:75CNT). The CNTs gets attached to the surface of Gr, preventing the restacking of Gr 

during exfoliation. To improve the dispersion further, specifically at higher filler concentration, ND 

was added to Gr-CNT epoxy composite. With 0.5 wt% filler content, the Gr-CNT-ND epoxy 

composite showed higher fracture toughness than epoxy but lower than Gr-CNT epoxy composite. 

The quantity of ND was not sufficient to achieve the desired exfoliation, as confirmed from tensile 

test. Hence, the total reinforcement content was increased from 0.5 wt% to 0.8 wt%. The 

improvement in fracture toughness was found quite significant with increase in content to 0.8 wt% 

(25Gr:50CNT:25ND). The resulting improvement was ~40% and ~44%, as compared to 0.5 wt% 

(25Gr:75CNT) and 0.5 wt% Gr. The improvement achieved was the highest, out of all the 

compositions so far. This proves the potential of ND in achieving better synergy of Gr-CNT hybrid 

at higher reinforcement content and the key is better exfoliation and dispersion.  

 

4.5.4   Thermal Analysis of Gr-CNT Epoxy and Gr-CNT-ND Epoxy Composites 

4.5.4.1   Effect of Addition of Gr-CNT and Gr-CNT-ND fillers on the Thermal Stability of 

Epoxy  

As seen from figure 4.22. in chapter 4.3, addition of Gr-ND and CNT-ND hybrid filler to 

epoxy, affected its thermal stability to a much higher extent as compared to the incorporation of 

CNT, Gr and ND as a unary filler to epoxy (figure 4.7. in chapter 4.1).  This effect was due to the 
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improved exfoliation of Gr and reduced entanglement of CNT when sonicated in the presence of 

ND. Thus, the effect of addition of ND to improve the synergy between Gr-CNT hybrid filler on the 

thermal stability of epoxy was studied through TGA. 

TGA for Gr-CNT and Gr-CNT-ND reinforced epoxy composite was done in nitrogen 

atmosphere. Degradation in mass as a function of temperature is presented in figure 4.37. The initial 

response, of the composite was similar, to that observed in the previous studies. 5% mass loss occurs 

up to 300⁰C for both set of composites, which is due to the evaporation of moisture or volatile 

impurities. The degradation temperature was found to be ~340⁰C in each case, which is defined as 

the point of inflection on the TGA curve. The major mass loss of about 50% occurs between 350⁰C 

to 450⁰C.  

Comparative analysis of TGA curve for Gr-CNT and Gr-CNT-ND reinforced epoxy 

composite at the initial degradation temperature between 300 ⁰C and 380 ⁰C (inset in the figure 4.37) 

shows better thermal stability with Gr-CNT than Gr-CNT-ND. Improvement in thermal stability of 

epoxy with Gr-CNT and degradation in thermal stability of epoxy with Gr-CNT-ND is only ~5⁰C 

which is not very significant. Above 380⁰C the thermal stability of Gr-CNT epoxy composite 

reduced significantly. The reduction in thermal stability is ~15-20℃ over epoxy which kept 

increasing with temperature. This reduced thermal stability is due to CNTs bridging Gr sheets and 

preventing them from stacking, which also reduced entanglement of CNTs. The increase in the no. 

of thermal conductive channels as a result of reduced entanglement of CNT, is more dominant than 

the sheet barrier effect due to improved exfoliation of Gr. As seen the exfoliation achieved for Gr 

with addition of CNT is not high as with ND (figure 4.32(c)). 

Gr-CNT-ND reinforced epoxy composite on the other hand is seen to have thermal stability 

very similar to epoxy, with only ~5⁰C improvement post 380⁰C. This is due to the well exfoliated 
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close knitted 3D network of reinforcement achieved post addition of ND to Gr-CNT hybrid. The 

degradation of thermal stability because of the presence of well-connected conductive thermal 

channels of CNTs is overcome by the dominant sheet barrier effect due to the improved exfoliation 

of Gr which prevents the thermal stability. The filler content as well as composition did not affect 

the thermal stability significantly, the thermal stability is found to be quite similar.  

Figure 4.37 TGA thermogram for various combinations of (a, b) Gr-CNT epoxy composite and (c, 

d) Gr- CNT-ND epoxy composite  
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Above, 500⁰C the thermal stability reduces rapidly and becomes quite significant. However, 

at this temperature the weight degradation is already 70%. As for a material used for structural 

applications the working temperature is generally chosen as the temperature at which material retains 

90-95% of its weight during its service life, which is < 300⁰C in this study. Therefore, we can 

conclude that the effect of incorporation of Gr-CNT and Gr-CNT-ND on thermal stability is 

insignificant or the thermal stability of epoxy is retained even after being reinforced by nanofillers. 

 

4.5.4.1   Thermomechanical Analysis of Gr-CNT and Gr-CNT-ND Epoxy Composites 

Comparative analysis of synergy offered by Gr-CNT as a hybrid filler with Gr-CNT-ND 

hybrid filler in modulating the mechanical property of epoxy subjected to dynamic loading as a 

function of temperature is done through DMA. Representative storage modulus vs temperature and 

tan δ (loss factor) vs temperature plots for various combinations of 0.3 wt% and 0.5 wt% Gr-CNT 

epoxy composite and 0.5 wt% and 0.8 wt% Gr-CNT-ND epoxy composite is shown in figure 4.38. 

Plots in figure 4.38 clearly shows that the improvement in storage modulus is between 10-20% for 

all compositions and combinations. However, with Gr-CNT hybrid the storage modulus retention at 

higher temperature is better than Gr-CNT-ND composites. This is due to the ND forming long 

conducting networks by connecting CNTs end to end which reduces the thermal stability of polymer 

chain. As, a result their might be diffusion or evaporation of volatile impurities or small molecules 

present in the matrix or filler surface, which generates defect at the interface while escaping the 

sample. This suppresses the effect of increased surface area available for efficient load transfer from 

matrix to reinforcement as a result of improved exfoliation at higher temperature 
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Figure 4.38 Storage modulus for various combinations of (a) 0.3 wt% Gr-CNT epoxy, (b) 0.5 wt% 

Gr-CNT epoxy, (c) 0.5 wt% Gr-CNT-ND epoxy and (d) 0.8 wt% Gr-CNT-ND epoxy composite as 

function of temperature 

 

Similar behaviour was observed with glass transition temperature (figure 4.39). 

Incorporating, Gr-CNT hybrid filler to epoxy improved its Tg by ~20-25ºC, which is ~5 ºC higher 

than the improvement achieved with Gr-CNT-ND hybrid filler. The increase in filler content did not 

have any significant effect on Tg. The addition of Gr-CNT-ND hybrid also improved the glass 

transition temperature of epoxy. The improvement in Tg ~10 ºC with 0.5 wt% filler content which 

improved to ~20 ºC with 0.8 wt% filler content. As, higher filler content suggests more number of 
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stiffer particle interacting with polymer chain. The increase in glass transition temperature with the 

addition of fillers is the result of resistance to the motion of polymer chain by stiff fillers uniformly 

distributed throughout the matrix.  

 

Figure 4.39 tanδ for various combinations of (a) 0.3 wt% Gr-CNT epoxy, (b) 0.5 wt% Gr-CNT 

epoxy, (c) 0.5 wt% Gr-CNT-ND epoxy and (d) 0.8 wt% Gr-CNT-ND epoxy composite as function 

of temperature 

 

It is seen from figure 4.39(c) that with 0.5 wt% Gr-CNT-ND reinforcement the improvement 

in glass transition was lowest among all. Apart from the significant peak around 90 ºC, there is a 
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deflection or shift in the curve post 105ºC with 25Gr:50CNT:25ND, 25Gr:25CNT:50ND and 

50Gr:25CNT:25ND. This shift or deflection in the curve is due to unexfoliated or agglomerated 

nanofillers with uncured epoxy trapped inside them. With increase in the temperature, the uncured 

epoxy trapped inside these agglomerate tends to cure. This phenomenon tries to shift Tg to high 

temperature, but as the temperature is already above Tg of fully cured epoxy, i.e. ~75 ºC, the impact 

is weak [230].  The improvement in Tg is ~10ºC, over pure epoxy for all compositions of nanofiller 

reinforced epoxy composite. This clearly proves that there is agglomeration but it is no quite severe 

and does not exist throughout the matrix.  

The lower Tg achieved with 0.8 wt% Gr-CNT-ND hybrid filler as compared to 0.5 wt% Gr-

CNT filler, is because of the conducting channels or networks formed due to the presence of ND. 

The interfacial interaction between filler and matrix becomes weak, due to the reduced thermal 

stability of polymer chains. The weak interfacial interaction allows the mobility of polymer chains 

at much lower temperature.  

 

4.5.5   Summary 

Addition of ND to Gr-CNT hybrid helped in achieving a well exfoliated close knitted 3D 

network of reinforcement, which improved both tensile strength and fracture toughness quite 

significantly. ND improved exfoliation of Gr by acting as a barrier and prevented the entanglement 

of CNTs by acting as a bridge which connects CNTs end to end. Transmission electron microscopy 

and scanning electron microscopy analysis of nanofillers performed at different stages gave an 

insight into the role of ND on dispersion of Gr and CNT.  The fractured surfaces of composites, 

fabricated with Gr-CNT-ND as reinforcement, revealed good dispersion and strong interfacial 

interaction. The same was translated to improved tensile strength and fracture toughness of the 
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structures.  Addition of ND to Gr-CNT epoxy composite improved the tensile strength from ~42% 

with 0.5 wt% (75Gr:25CNT) and ~51% with 0.8 wt% (25Gr:25CNT:50ND), as compared to neat 

epoxy. Fracture toughness got improved by ~140% with 0.5 wt% (25Gr:75CNT) and 165% with 0.8 

wt% (25Gr:50CNT:25ND). The composition that offered the best combination of mechanical 

properties (tensile strength and fracture toughness) was 0.8 wt% (33Gr:33CNT:33ND). The 

improvement in tensile strength and fracture toughness was ~41% and ~158%, as compared to 

epoxy. This combination was hard to achieve in Gr-CNT epoxy composite, as composite with higher 

Gr ratio offered better tensile strength, while the ones with higher CNT ratio showed better fracture 

toughness
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4.6   Role of 3D Network of Carbon Nanofillers in Improving the Properties of Carbon Fiber 

Epoxy Laminated Composite 

This study aims to investigate the effect of addition of the well exfoliated close knitted 3D 

network of Gr-CNT-ND into the epoxy matrix of a conventional carbon fiber-reinforced composites. 

Carbon fiber reinforced epoxy composites are used in numerous structural applications. However, 

the out of plane and transverse properties of these composites is always less than expected. 

Therefore, potential of carbon nanofillers in improving these properties with, three different 

morphologies, i.e. CNT (1D), Gr (2D) and nanodiamond (3D), in a well-connected 3D network is 

evaluated. Thorough evaluation of mechanical properties, which include tensile test, interlaminar 

shear strength, interlaminar and intralaminar Mode I fracture toughness, were conducted to 

investigate the effect of addition of 3D network of Gr-CNT-ND on interfacial properties of CF-epoxy 

composite. In depth fracture surface analysis, through FE-SEM, was carried out to get an insight 

into the active strengthening and toughening mechanism in the interface as well as matrix regions 

of the laminated composites structure.  

The composite laminate was fabricated for pure epoxy, 0.8 wt% (25Gr:25CNT:50ND), 0.8 

wt% (25Gr:50CNT:25ND) and 0.8 wt% (33Gr:33CNT:33ND) and will be referred hereafter as, CF-

epoxy, 225 GCN CF-epoxy, 252 GCN CF-epoxy and 333 GCN CF-epoxy composite. The 

compositions selected here are optimized from the systematic studies conducted for each nanofillers 

at different compositions and combinations over the course of study. 
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4.6.1   Investigating the Wettability and Infiltration of Carbon Fiber by Epoxy and Nanofiller 

Modified Epoxy 

In order to achieve effective load transfer and improved mechanical properties, strong 

interfacial adhesion between the reinforcement and matrix is required. In order to achieve strong 

interface, it is important for the epoxy to properly infiltrate the carbon fiber. Addition of nanofillers 

may increase the viscosity of the epoxy. Therefore, wettability and infiltration of epoxy with and 

without addition of nanofillers (Gr-CNT-ND) was evaluated through sessile drop technique, as a 

function of time, as shown in figure 4.40. 

 

Figure 4.40 Images showing wetability and infiltration of epoxy on CF without and with addition 

of nanofillers as a function of time  

Due to low viscosity of epoxy, there was a continuous flow of epoxy and it took time for the 

drop to detach from that flow and be released on carbon surface, which resulted in an immediate 

contact angle of 63.5 ⁰. Similarly, observation was made in case of nanofiller modified epoxy and 

immediate contact angle was found reduced by approximately 14⁰-18⁰. This was followed by gradual 
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decrease in contact angle for all compositions. Nanofillers modified epoxy reached a contact angle 

of ~13⁰ in almost a minute ahead of pure epoxy. However, once the contact angle reached the range 

of 12⁰-13⁰, the further reduction in contact angle or the infiltration slowed down. It took almost 

another 2-3 mins for the contact angles to become zero. This proves that the addition of 0.8 wt% of 

Gr:CNT:ND it improved the wettability and infiltration of epoxy. 

 

4.6.2   Fracture Surface Analysis to Confirm Role Played by 3D Network of Nanofiller in 

Strengthening and Improving the Interfacial Bonding between CF and Epoxy matrix 

The morphology of the fractured surface of CF epoxy with and without Gr-CNT-ND 

modification, post tensile test were observed under FE-SEM. Figure 4.41(a-d) shows the fractured 

surface morphology of bidirectional woven fibers aligned along (interfiber debonding) and 

transverse to the applied load direction (interlayer debonding). The micrographs clearly show the 

difference between the fracture morphology of CF-epoxy composite with and without Gr-CNT-ND. 

Fractography for the fibers aligned along the transverse direction to applied load/ interlayer 

debonding (figure 4.41(a1, b1, c1 & d1)) shows, debonded matrix (figure 4.41(a3, b3, c3 & d3)) and 

debonded fiber (figure 4.41(a4, b4, c4 & d4)).  

Comparative analysis of matrix region for epoxy and Gr-CNT-ND modified epoxy clearly 

shows the resistance offered by the 3D network of Gr-CNT-ND to crack propagation. The cracks, 

once generated in CF-epoxy, propagate though the matrix without being deflected, bridged, pinned 

or bifurcated by nanofillers (figure 4.41(a1)). However, the addition of Gr-CNT-ND makes the crack 

propagation difficult as a result of the resistance, offered by the multiple encounters with the well 

exfoliated 3D network of nanofillers, making crack path tortuous and sometimes they even subside 

midway losing all its energy (figure 4.41(b1, c1 & d1)). The crack, once reached the fiber matrix 
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interface, propagates further through interface due to weak bonding between fiber and epoxy. This 

is evidenced by clear fiber surface with no traces of epoxy on the fractured surface as seen in figure 

4.41(a4). Also, the presence of an alternate fiber on fractured surface proves that the crack 

propagated through interface due to weak bonding between fiber and epoxy matrix. While, in case 

of Gr-CNT-ND modified epoxy composite, crack gets deflected in the matrix due to strong 

interfacial bonding, as evidenced by traces of epoxy on fiber surface (figure 4.41(b4, c4 & d4)). The 

improved interaction between fiber and matrix can further be verified by the presence of consecutive 

fibers (figure 4.41(b1)) or the rippled morphology (figure 4.41(c1 & d1)) on ditches created due to 

debonded fiber on fractured surface. The fractured surface of Gr-CNT-ND modified CF-epoxy 

composite do not show any traces of agglomeration of either CNT, Gr or ND. The nanofillers can 

be seen properly dispersed and strongly integrated with the fiber and matrix (figure 4.41b(3&5), c( 

3&5) and d(3&5)). 

Similarly, for fibers aligned along the applied load direction, the comparative analysis of 

figure 4.41(a2) with figure 4.41(b2, c2 & d2) verifies the effect of addition of Gr-CNT-ND on 

interfiber bonding. As seen from figure 4.41(a2) (encircled region) that a bunch of fiber is pulled out 

when subjected to loading due to weak interfacial bonding between carbon fiber and epoxy. 

However, with the addition of nanofillers the interfacial bonding improved with only one or two 

fibers pulled out at different sites as seen from figure 4.41(b2, c2 & d2). Therefore, the failure or 

crack propagation did not happen due to debonding of fibers in presence of nanofillers, on contrary 

to that in case of CF-epoxy. Rather, the failure in the former occurred due to breakage of fibers. 
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Figure 4.41 FE-SEM images of the fractured surface cross-sections both along and transverse to the 

direction of applied load for (a(1-5)) CF-Epoxy, (b(1-5)) 225 GCN CF-Epoxy, (c(1-5)) 252 GCN 

CF-Epoxy and (d(1-5)) 333 GCN CF-Epoxy composites at different magnifications 
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The delaminated surface of all the composites were also evaluated using FE-SEM to examine 

the effect of Gr-CNT-ND on inter laminar fracture mechanics on CF-epoxy composite. A 

comparative analysis of figure 4.42(b) with figure 4.42(e, h & k) clearly shows that with the addition 

of nanofillers a lot of resistance was offered to crack propagation. The crack path in matrix was 

diverted multiple times as it encountered the nanofillers, which required additional energy to 

advance the crack. The main mode of failure, as observed from figure 4.42(b & c), is debonding of 

fiber and matrix, which can be verified by the smooth fracture surface of epoxy in the debonded 

fiber region and no trace of epoxy on the fiber surface. Therefore, debonding of fiber matrix interface 

is the main mode of failure in CF-epoxy composite. On, the contrary, the inclusion of Gr-CNT-ND 

made the fractured surface of epoxy quite rippled with evidences of pulled out Gr and CNT, having 

strong adhesion to the fiber surface, along with chunks of matrix bonded to the fiber surface, as seen 

from the figure 4.42(e, h & k) and their magnified images. This is due to the presence of nanofillers, 

having high surface area, offering strong adhesion between matrix and fiber and thus, diverting the 

crack path several times, finally deflecting it away from the fiber matrix interface. Therefore, the 

improved fiber matrix interface suggested improved ILFT. 



 

 
171 

 

 

Figure 4.42 FE-SEM images at different magnifications for delaminated (a-c) CF-epoxy, (d-f) 

25Gr:25CNT:75ND CF-epoxy, (g-i) 25Gr:50CNT:25ND CF-epoxy and (j-l) 33Gr:33CNT:33ND 

CF-epoxy composites. 
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4.6.3   Investigating Mechanical Properties of Multiscale Composites 

4.6.3.1   Tensile Test for CF epoxy and Nanofiller Reinforced Carbon Fiber Epoxy Composite 

The results of tensile test for different compositions of Gr-CNT-ND CF-epoxy composites 

are shown in figure 4.43. The tensile properties of the composites were compared to evaluate the 

effect of addition of nanofillers on mechanical behaviour of CF-epoxy composite. The properties 

calculated from stress– strain curve include young’s modulus (E), ultimate tensile strength (UTS), 

and % strain (at failure). The quantitative values for the same are present in table 7. Young’s modulus 

was determined from the slope of stress-strain plots. The maximum stress value in the stress-strain 

plots was the estimated tensile strength, while the strain value at the last data point was the strain (at 

failure) for the composites. 

 

Figure 4.43 Stress-Strain plots for various combination of Gr:CNT:ND CF-epoxy composite 
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The improvement in tensile strength of CF-epoxy is ~1090 %, as compared to epoxy. Further, 

nanofillers modified epoxy CF composite offers the highest improvement of ~1805% over epoxy 

and ~60% over CF-epoxy with 225 GCN CF-epoxy. The tensile strength of the composites is 

generally governed by the tensile strength of the fibers oriented along the applied load direction. 

While, the fibers are oriented perpendicular to the applied load direction, the failure is through matrix 

or fiber-matrix debonding at much lower load. As the load is applied to the composite, the cracks 

present in the epoxy matrix starts to propagate. In case of CF-epoxy, with increase in load, the cracks 

propagate further and reaches straight into the vicinity of fiber without any resistance being offered. 

As, the crack approaches near to the fiber, the stress intensity increases, which leads to fiber matrix 

debonding. The crack propagates further, either causing fiber breakage (strong interface) or through 

the interface eventually leading to fiber pullout. The major failure mechanisms for CF epoxy 

composite are brittle failure of matrix and fiber pullout as seen in figure 4.41(a). The same for 

nanofillers modified epoxy CF composite are ductile failure of matrix and fiber breakage, as 

evidenced from figure 4.41(b, c & d).  

The reasons behind higher tensile strength of nanofillers modified epoxy CF composite, as 

compared to CF epoxy composite, are uniformly dispersed well-connected 3D network of nanofillers 

and relatively improved fiber matrix interaction, which effectively improved load transfer efficiency. 

CF being the major reinforcements in the composite, E of composite mostly depends on the stiffness 

of CF. Therefore, addition of nanofillers does not change the Young’s modulus of epoxy as 

significantly as by CF, though the improvement is still quite significant. The improvement in 

modulus of CF-epoxy composite is ~567%, as compared to epoxy. Addition of nanofillers further 

improved the modulus by ~57% over CF-epoxy, in case of 333 GCN CF-epoxy composite. An 
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improvement of ~57% is quite significant considering the modulus of CF-epoxy composite is already 

high i.e. 30.67 ± 1.3 GPa.  

Reinforcing epoxy with CF improves the strength along with reduction in % strain by ~29%. 

Interestingly, with the addition of nanofillers, there is simultaneous improvement in % strain and 

strength of composite. In fact, in case of 225 GCN CF-epoxy, the strain regains its value and becomes 

~7% more than pure epoxy with a total regain of ~38% over CF-epoxy composite, NDs is believed 

to play the key role in improvement in % strain with strength. When, a tensile stress is applied to a 

ND epoxy composite, sliding of the polymer chains starts. The motion/rotation of NDs, further, 

facilitates this process, thus increasing failure strain or ductility.  Along with the high resistance to 

crack propagation which causes the crack to travel long path before failure, offered by the CNTs, 

having high aspect ratio as a result of less entanglement and end to end bridging by NDs.  

 

Table 7. Elastic modulus, ultimate tensile strength and % strain, for various composition and 

combination of Gr:CNT:ND CF-epoxy composites 

               Composition E (GPa) UTS (MPa) % strain 

                                  Epoxy 
4.6 ± .08 42.5 ± 1.2 3.05 ± 0.2 

0
.8

 w
t%

 

CF-Epoxy 30.67 ± 1.3 506 ± 7 2.36 ± 0.1 

25Gr:25CNT:50ND CF-Epoxy 37.84 ± 1.5 810 ± 10 3.26 ± 0.2 

25Gr:50CNT:25ND CF-Epoxy 44.21 ± 1.8 705 ± 8 3.09 ± 0.2 

33Gr:33CNT:33ND CF-Epoxy 48.12 ± 1.9 740 ± 10 3.17 ± 0.2 

 

 

 



 

 
175 

 

4.6.3.2   Intralaminar Fracture Toughness for CF Epoxy and Nanofiller Reinforced Carbon 

Fiber Epoxy Composite 

The composites were evaluated for fracture toughness using 3-point bend test, the values 

obtained are presented in figure 4.44. As far as structural applications are concerned, fracture 

toughness is a very important mechanical property that needs to be evaluated especially with brittle 

matrix like epoxy. Fracture toughness values, obtained for all combinations of Gr-CNT-ND 

reinforced CF-epoxy composites, are higher than that with CF-epoxy composite.  

 

Figure 4.44 Fracture toughness plots for various combination of Gr:CNT:ND CF-epoxy composite 

 

Addition of CF as reinforcement itself improved the fracture toughness of epoxy by ~959%. 

Matrix fiber debonding, crack deflection by twisting and tilting around the fiber, fiber pullout, fiber 

breaking etc. are the major toughening mechanism. Addition of nanofillers further improved the 

fracture toughness of the composite by ~53% with 252 GCN CF-epoxy composite, as compared to 
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CF-epoxy, noting a total improvement of ~1523% over pure epoxy. Resistance to the crack 

propagation or matrix cracking by uniformly distributed well-connected 3D network of nanofillers 

is the reason behind improved toughness. The major toughening mechanism include crack 

deflection, bridging, pinning and even ceasing of crack propagation. The improved interfacial 

interaction between fiber and matrix also plays a major role by increased resistance to matrix fiber 

debonding, twisting and tilting of crack around the fiber and fiber pullout. 

 

4.6.4   Assessing the Role of 3D Network of Carbon Nanofillers in Improving the Interfacial 

Properties of Multiscale Composite 

4.6.4.1   Mode - I Interlaminar Fracture Toughness 

Failure to delamination is one of the major drawback of laminated composite structures. 

Therefore, it is very important to be aware of the resistance offered by laminated composite to 

interlaminar fracture. The interlaminar fracture toughness values for CF-epoxy and CF-nanofillers 

modified epoxy composites, calculated from the load displacement curves figure 4.45(a) of DCB 

test are shown in figure 4.45(b). The values represent the fracture toughness corresponding to crack 

propagation in different composites. The initial response for all composites was linear, indicating 

elastic loading followed by a sudden drop in load. This drop is due to the crack propagation, which 

is again followed by increase in load. Throughout the test for all the composites, increase in load 

was observed after a large sudden drop in load. 

All compositions of CF- nanofillers modified epoxy composites showed higher ILFT than 

the CF-epoxy composite at all crack displacements. The delamination generally occurs due to 

cracking of matrix between two layers of fibers. The adhesion of matrix to fiber increases with the 

addition of well exfoliated nanofillers, well, which improves the resistance to delamination. The FE-
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SEM images in figure 4.42(e, h & k) reveal the Gr adhered to the fiber surface with CNTs protruding 

out as seen from magnified images in figure 4.42(f, i & l). The additional energy, consumed by the 

crack tip to propagate, is due to bridging and improved interfacial adhesion by CNTs and Gr. High 

aspect ratio and surface area of these nanofillers attribute towards better adhesion. The improved 

toughness of nanofiller reinforced matrix also contributed to the overall improvement in the ILFT.   

 

Figure 4.45 (a) Representative load vs displacement curves obtained from modified beam theory 

(MBT) method (b) variation of ILFT as a function of crack length for different combination of 

Gr:CNT:ND CF-epoxy composite 
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The fracture toughness value increases almost linearly with increase in crack length for CF-

epoxy. Similar trend is followed by 225 GCN CF-epoxy composite with drop in fracture toughness 

values at 15 mm, which may be due to some discontinuity or minor agglomeration, as the ILFT is 

higher than pure epoxy. For the other two compositions, (252 GCN and 333 GCN) having relatively 

higher CNT content, a sudden jump is observed in fracture toughness values, which subdues with 

increase in crack displacement. This jump may be due to the more population of CNTs available to 

bridge the crack in that particular region of crack displacement. The results show that the highest 

improvement in interlaminar fracture toughness is ~260 % with 252 GCN CF-epoxy composite, as 

compared to CF-epoxy composite. The improvement was ~36% and ~97% higher than the 333 GCN 

CF-epoxy and 252 GCN CF-epoxy composite. This is due to the higher amount of CNTs, which 

provide higher resistance to crack propagation by crack bridging.  Crack bridging is one of the most 

efficient toughening mechanism, it is more effective with CNTs, having fiber like morphology with 

very high aspect ratio. 

 

4.6.4.2   Interlaminar Shear Strength 

ILSS values, derived from load vs displacement plot figure 4.46(a) of short beam shear test 

using equation 2, are shown in figure 4.46(b). All, load vs displacement curves show almost a linear 

behaviour. The first major drop in each plot is due to the compression failure as result of first 

discontinuity generated under the applied load. The curve rises again and suffers drop due to shear 

failure or delamination. In case of CF-epoxy, the composite suffered multiple shear failure in the 

central area all connected together which led to final drop in the curve as seen from figure 4.46(b). 
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Figure 4.46 (a) Representative load vs displacement curves obtained from short beam shear test (b) 

ILSS plots for CF-epoxy and various combination of Gr:CNT:ND CF-epoxy composite and (c) 

digital images of failed samples 

 

For all compositions of CF nanofillers modified epoxy composite, apart from compression 

failure only single shear failure mode was observed marked by an arrow as shown in figure 4.46(c). 
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The ILSS value for CF-epoxy composite is 26.14 ± 0.3 MPa. Not much difference was found for the 

measured ILSS values for different composite. The maximum improvement in ILSS was 15.6% with 

252 GCN CF-epoxy composite as compared to CF-epoxy composite. This improvement is attributed 

to the increase in the contact area or better interfacial interaction between CF and matrix, along with 

the stiffening and strengthening of the matrix, due to the incorporation of nanofillers in epoxy matrix. 

The higher surface area offered by the 2D structure of Gr majorly contributed to improved bonding 

between the CF and epoxy. While, the bridging of cracks by the CNTs, due to their fiber like 

morphology, led to improved stiffening and strengthening of epoxy matrix. This has been possible 

due to the addition of ND. As, ND improved exfoliation of Gr by acting as a barrier and prevented 

the entanglement of CNTs by acting as a bridge which connects CNTs end to end. Thus, increasing 

the total interface area with the polymer matrix in the composite structure. In addition, improved 

wettability of CF by epoxy resin, with incorporation of nanofillers, also contributed to improve ILSS. 

These, mechanism together led to improved mechanical interlocking between fiber-matrix, and, in 

the matrix (between polymer chains). As a result, the ILSS of CF epoxy improved. This is even 

confirmed from the digital images for various composition of CF-epoxy composite in figure 4.46(c). 

The CF-epoxy composite due to weak interfacial bonding between CF and epoxy led to interlayer 

as well as interfiber debonding, as a result the composite failed due to multiple shear failure all 

connected together. While, CF-nanofiller modified epoxy composite due to improved interfacial 

interaction between CF and modified epoxy failed by single shear failure.   
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4.6.5   Thermal Analysis of Carbon Fiber and Nanofiller Reinforced Carbon Fiber Epoxy 

Composite 

4.6.5.1   Effect of Addition of Nanofillers on Thermal Stability of CF Epoxy Composite 

The effect of addition of well knitted 3D network of nanofiller on the thermal stability of CF 

epoxy composite was studied through TGA. The TGA curve for epoxy, CF epoxy composite and 

CF nanofiller modified epoxy composite is shown in figure 4.47. The initial decomposition of ~5% 

weight loss occurs up to 300⁰C for epoxy, CF epoxy composite and CF nanofiller modified epoxy 

composite, which is due to the evaporation of moisture or volatile impurities. The degradation 

temperature was found to be ~340⁰C in each case, which is defined as the point of inflection on the 

TGA curve. Below this temperature, the thermal stability was seen to be almost similar for all 

compositions. The major mass loss of about 50% was seen between 350⁰C to 750⁰C for CF epoxy 

composites with and without nanofiller. While, in case of epoxy it was between 350⁰C to 450⁰C. 

Reinforcing epoxy matrix with CF is seen to improve the thermal stability of epoxy quite 

significantly. As, CF has higher thermal stability, the strong interaction of epoxy matrix with CF, 

improved its stability. Comparative analysis of TGA curve for CF epoxy and Gr-CNT-ND CF epoxy 

composite reveals, that the decomposition temperature of the CF epoxy composite is decreased with 

the addition of nanofillers. Infact, nanofiller reinforced CF epoxy composite showed lower thermal 

stability at higher temperature. The reduction in thermal stability was ~25⁰C at the beginning of 

decomposition, which increased upto 100-125⁰C between 650⁰C to 750⁰C with 25Gr:50CNT:25ND 

and 33Gr:33CNT:33ND CF epoxy composite. This clearly indicates nanofiller modified CF epoxy 

composite shows lower thermal stability than CF epoxy composite specially with the composition 

having higher CNT content and at higher temperatures.  
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Figure 4.47 TGA thermogram for epoxy, CF epoxy composite and CF nanofiller modified epoxy 

composite 

 

The thermal stability of CF nanofiller epoxy composite is expected to increase with improved 

exfoliation due to the sheet barrier effect or torturous path effect. The highly exfoliated well 

connected network of nanofillers have higher and strong interaction with the epoxy matrix, thus 

preventing the entry of oxygen and exit of volatile products evolved at high temperature or during 

thermal degradation. However, as seen, the presence of ND improves the exfoliation and synergy 

between nanofillers. This results into well connected thermally conducting network of nanofillers 

throughout the matrix degrading it, at a much faster rate. The compositions with lower CNT ratios 

are seen to have relatively higher thermal stability as due to less no. of CNTs available for the 

formation of conductive network. 
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 However, for structural applications, the preferable working temperature for a composite 

system is the temperature at which the mass loss is no more than 10%, during its service life, which 

is below 350⁰C in this study. Upto, 350⁰C the thermal stability is similar for CF epoxy composites 

both with and without carbon nanofiller. 

 

4.6.5.2   Thermomechanical Analysis of CF Epoxy Composite with and without Nanofillers 

DMA was done to verify the improvement in interfacial interaction between the CF and 

epoxy with the addition of 3D network of nanofiller, through storage modulus and glass transition 

temperature. As, it is a very sensitive technique, so even a small disturbance in the interface in the 

form of agglomeration or weak interfacial bonding, can be easily translated to reduced storage 

modulus and glass transition temperature. It also helps to gauge the change in interfacial interaction 

over the course/range of temperature. Storage modulus and damping factor of epoxy, CF epoxy and 

Gr-CNT-ND CF epoxy composite, under dynamic loading of 0 to 10 N were evaluated using single 

cantilever mode at a ramp rate of 2⁰C/min, constant frequency of 1 Hz. 

Figure 4.48 shows the typical storage modulus vs temperature plots for CF epoxy and other 

three optimized combinations of Gr-CNT-ND CF epoxy composite. It can be seen from the figure 

that addition of CF to epoxy matrix increases its storage modulus by 670%. As, CF is much stiffer, 

stronger and resistant to temperature, as compared to epoxy, so it prevents the deformation of matrix 

and help share higher load over the range of temperature. Adding Gr-CNT-ND, further improved 

the storage modulus for all compositions, even at higher temperatures. The highest improvement in 

modulus was ~60% with 33Gr:33CNT:33ND CF epoxy composite.   
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Figure 4.48 Typical DMA results (a) Storage modulus and (b) tanδ curve for various composition 

of Gr:CNT:ND CF epoxy composite as a function of temperature 

 

Reinforcing epoxy with CF improved the Tg by ~5⁰C. Incorporation 3D network of 

nanofillers further to CF epoxy, did not have any significant effect on Tg. As, already seen over the 

course of this study, that when ND is added as reinforcement, whether it’s a unary or binary filler 

system the improvement in Tg is not as high. The spherical morphology of NDs is believed to 

promote sliding of the polymer chains at higher temperature.  

 Therefore, with increase in temperature, the resistance offered to segmental mobility of 

polymer chain due to improved interfacial interaction between reinforcement and matrix, is 

suppressed by the increased segmental mobility of polymer chain by ND. Also, the long conducting 

networks formed by ND by connecting CNTs end to end reduces the overall thermal stability of 

polymer chain at high temperature. As, a result the epoxy polymer chains starts becoming unstable, 

which leads to diffusion or evaporation of volatile impurities or small molecules present in the matrix 

or filler surface, generating defect at the interface. This, effect is translated more evidently in 

multiscale composite, as nanofillers itself acts as an interface between CF and epoxy. Thus, at higher 
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temperatures, the effect of reduced segmental mobility of polymer chain due to increased matrix 

reinforcement interaction as a result of improved exfoliation is suppressed.  

 

4.6.6   Summary 

The potential of carbon nanofillers, with three different morphologies, i.e., CNT (tube), Gr 

(sheet), and nanodiamond (particle), integrated in a 3D network for improving the fracture toughness 

of a laminated CF epoxy composite is investigated. Mode I interlaminar and intralaminar fracture 

toughness values obtained clearly suggest the potential of uniformly dispersed hybrid well connected 

3D network of Gr-CNT-ND in improving the fracture toughness of the carbon fiber epoxy 

composite. In addition, the tensile strength and interlaminar shear strength showed significant 

improvement with the addition of nanofillers. Improved adhesion between matrix and fiber, due to 

high surface area and aspect ratio offered by nanofillers, led to better load sharing, improved 

resistance to crack propagation by deflection, bridging and pinning, which eventually improved the 

overall mechanical properties of CF epoxy composite. The FE-SEM images corroborates the same. 

Out of the different composition of nanofillers, the composition having highest CNT content offered 

maximum improvement in the fracture toughness and interlaminar shear strength, due to crack 

bridging.  Thermal stability was not affected by incorporation of 3D network of nanofiller upto 

350⁰C, post which the thermal stability reduced as nanofillers formed thermally conducting 

networks. Storage modulus showed improvement, while Tg was not affected by the addition of 

nanofillers. Thus, the present study clearly shows the potential of well-connected 3D network of Gr-

CNT-ND in improving the interfacial and mechanical properties of CF-epoxy composite without 

degrading its thermal stability, significantly.
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  CHAPTER 5 

CONCLUSIONS 

 

The work done in this thesis has explored the possibility of developing carbon nanofiller 

modified carbon fiber epoxy composite for structural application. In this regard, the epoxy was 

modified with carbon nanofiller, having different morphologies, e.g., carbon nanotubes (CNT) with 

1D structure, graphene (Gr) with 2D shape and nanodiamonds (ND) with 3D morphology. The 

potential of each nanofiller and the synergy that exist between them both in binary and ternary 

combination and its effect on mechanical and thermal properties of epoxy was investigated. The 

epoxy, modified with optimized combination and composition of nanofillers, was then used to 

fabricate the multiscale composite. Comparative analysis of multiscale composite, with conventional 

CF epoxy composite, was done in terms of mechanical, interfacial and thermal properties.  

The following are the specific conclusions drawn out of the present work: 

 Addition of carbon based nanofillers (CNT, Gr and ND), having three different 

morphologies, are found to improve the mechanical and thermal properties of the epoxy 

matrix. ND showed better reinforcement efficiency in terms of Young’s modulus, hardness, 

storage modulus and strength, along with strain as compared to the other two reinforcements. 

CNT showed better improvement in properties than Gr, both in fracture toughness and elastic 

modulus. Infact, CNT showed highest improvement in fracture toughness. 

 The modulus mapping studies, carried out on composites with and without application of 

uniaxial tensile stresses, reveals the active role played by nanodiamond in modulating the 

mechanical behaviour of the epoxy matrix. This study develops 2D modulus mapping 

technique as a generalized tool for evaluating the quality of dispersion of the nanoscale 
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reinforcement phases and their role in controlling the mechanical behaviour of the macro-

scale composite structures.  

 Great synergy was offered by CNT-ND and Gr-ND hybrid fillers. Addition of ND, to CNT 

and Gr during sonication, led to enhanced exfoliation, improving the tensile strength and 

fracture toughness with 0.6 wt% (75CNT:25ND) and 0.5 wt% (75Gr:25ND) 

 ND assisted exfoliation of Gr was successfully achieved using simple ultrasonication 

technique, confirmed through TEM and SPM. The exfoliation improved by 7.6 folds with 

75Gr:25ND, which resulted in better toughening, verified through both experimental and 

numerical analysis. 

 Addition of ND to Gr-CNT hybrid helped in achieving a well exfoliated close knitted 3D 

network of reinforcement. When reinforced in epoxy it improved both tensile strength and 

fracture toughness quite significantly. Addition of ND to Gr-CNT epoxy composite 

improved both tensile strength and fracture toughness. 

 The improvement in ILFT, ILSS and tensile strength of CF epoxy composite was observed 

with the addition of uniformly dispersed hybrid well connected 3D network of Gr-CNT-ND. 

It clearly reveals the potential of carbon nanofillers and the technique used in modulating the 

interface efficiently. Improved interfacial adhesion between matrix and fiber, due to high 

surface area and aspect ratio offered by nanofillers, led to better load sharing, improved 

resistance to crack propagation by deflection, bridging and pinning, which eventually 

improved the overall properties of CF epoxy composite. 
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CHAPTER 6 

RECOMMENDATIONS FOR FUTURE WORK  

 

The findings of this study establish the carbon nanofiller modified CF epoxy composite to be a 

potential alternate to conventional CF epoxy composite for structural applications. However, some 

of the topics need further investigations to progress further forweard. Following is a tentative list of 

recommendations for the same. 

 In situ mechanical testing of the composite can be a good study to observe delamination 

propagation under tensile loading and interlaminar cracking under Mode I fracture test, in 

real time. Microstructural strain evolution by digital image correlation (DIC) analysis needs 

to be done to gain insight into the active mechanisms during deformation.  

 In situ indentation studies, on the surface as well as along the cross-section, needs to be 

carried out in order to understand the role of filler in reducing the anisotropy in mechanical 

properties along the matrix dominated direction. 

 Effect of functionalization of carbon nanofillers, on the synergistic effect of the well-

connected 3D network of nanofillers in epoxy matrix, needs to be thoroughly investigated.  

 Comparative study is recommended to validate the optimized composition used in this 

approach. Instead of fabricating multiscale composite, using only the optimized ternary 

compositions of nanofiller, multiscale composite should be fabricated and tested for all the 

compositions of unary, binary and ternary fillers. The optimized composition and properties 

achieved, using both the approaches, should be compared. Any discrepancy or very 

significant difference in properties or composition should be further validated. 
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