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Abstract 

 
Highly cross-linking polymers and fiber-reinforced composites (CFRP) have attained remarkable 

applicability in numerous structural applications such as automotive, marine, aerospace, wind, and 

sports industries due to their superior strength-to-weight ratio, lightweight, good corrosion, better 

thermal resistance and less manufacturing cost, etc. Epoxy resins are frequently used as a matrix for 

CFRP laminates due to their high glass transition temperature (Tg), chemical stability and stiffness 

unless these compounds are strengthened, for instance in the aerospace industry, they have a 

significant disadvantage: brittleness. As cracks are typically not apparent on the composite surface, 

the industry-standard periodically analyzes composite components using costly non-destructive 

techniques, such as ultrasound- or x-ray-based approaches. If a significant damaged area is found, 

components are disposed of, creating a lot of waste. On the other hand, expensive, invasive, and 

time-consuming approaches have been developed for on-site repair when damage is more limited 

but compromises structural stability. There is an option that entails repairing the damage that is 

already present, such as delamination and micro-cracks, before it progresses to catastrophic failure. 

This is precisely the reason behind the expanding research in the field of self-healing CFRP 

composites.  

The majority of living organisms exhibit self-healing, which is an independent and intriguing 

process in nature. Inspired by biological systems from the past decades, researchers have explored 

how engineered materials can "self-heal" after being damaged externally. Self-healing thermosetting 

composite materials are an excellent technology and a cost-effective option which have the ability 

of linking moieties, to separate and reconstruct in response to a particular stimulus is important to 

the self-healing approach in thermosetting polymer. Reversible polymerization repairs microscopic 

cracks and completely restores the polymer original characteristics, and the process can be repeated 

numerous times. 

Here, we report the remendability of the cross-linking polymers at the matrix as well as 

interface, which use Furan-Maleimide Diles-Alder (FMDA) adduct as reversible matrix to promotes 

self-healing capability and epoxy-hardener as irreversible matrix to retain strength. Furfuryl glycidyl 

ether (FGE) was synthesized and mixed with 4,4′-methylenebis (N-phenylmaleimide) (DPBMI) to 

prepare reversible matrix and DGEBA (epoxy resin), curing agent HY 906 (hardener) were used as 

irreversible matrix to synthesize thermally reversible polymer matrix. Under magnetic stimulation, 

12 g DPBMI (0.027 mol) was diffused in 10.3 g FGE (0.054 mol) at 90 oC about 5 minutes mixed 

with 10.01 g DGEBA (35 wt. % in BMI, FGE and DGEBA compound followed by MHHPAcuring 

and degassing. The developed compound was poured into a silicon mould and cured using autoclave 
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at 85 oC / 8 h, 130 oC / 8 h, and 85 oC / 8 h. The molecular architecture of the synthesized self-

healing resin was investigated using FTIR, NMR and DSC analysis. TDCB sample was used to 

evaluate self-healing performance in polymer composite. 

The mechanical performance of self-healing composite was improved by reinforcing with 

GNPs and MWCNTs, but these are prone to agglomeration. Amine based silane functionalization 

is used to address GNP and MWCNT agglomeration. However, functionalization with a silane 

coupling agent, necessitates oxygenated chemical moieties named hydroxyl, carboxylic and epoxide 

connected to the nanoparticles surface to aid condensation and hydrolysis reaction in covalently 

linking silane group. Various oxidation times (0/48/60/72 h) was processed to maximize the 

exfoliation level of nanofillers. The GNPs and MWCNTs were oxidized with HNO3 and silanized 

with APTES, followed by bismaleimide grafting and then dispersed evenly in the self-healing 

polymer matrix using a probe sonicator. To assess the impact of functionalization on laminated 

hybrid CFRP, the nanoparticles were initially diffused in a hardener/epoxy matrix using an 

ultrasonic-mechanical dual stirring process and then hybrid CFRP composite was prepared using a 

vacuum bagging technique and further assisted in autoclave curing.  

Restoration of the structural integrity of damaged CFRP composite through thermally 

reversible Diels-Alder bonds with the exact interface between matrix/fiber is extremely desirable 

for manufacturing high-performance self-healing laminates. This work demonstrates the fabrication 

of functionalized MWCNT (with different weight ratios 0.5, 1.0, 1.5 wt.%) reinforced thermally 

reversible self-healing CFRP composite. The morphological changes, surface functional elements, 

elemental groups, and degradation of functionalized MWCNTs were characterized by FESEM/HR-

TEM, FTIR, XRD, and TG-DTA analysis. The results demonstrated that CFRP reinforced with 

functionalized MWCNT enhanced the dispersion, exhibited 82% of healing efficiency and 

improvement in flexural strength - 82.65%, tensile strength - 98.9% compared to pure CFRP. FE-

SEM fractography of composites indicated that nanotube pull-out was the predominant failure 

criteria in CFRP-pristine-MWCNTs whereas crack suppression and strong interface dominated in 

CFRP-MWCNTs due to strong interfacial interaction with the matrix. The CFRP interphases with 

reversible DA-bonds exhibited repeatable self-healing ability. The impact of initial damage and 

nanoparticle content on composite strength before and after fracture is also examined through 

flexural and I.E.T. technique. 1.0 wt.% of MWCNTs filler concentration and 85oC/8 h, 130oC/8 h, 

and 85oC /8 h +2 bar healing condition are recommended to fabricate self-healing CFRP composite. 

The main objective of this paper is to investigate matrix/fiber/nanofillers interface junction healing 

properties of the CFRP composite before and after fracture, to re-form structural stability over the 

CFRP interface of the damaged area and also examine the average healing efficiency. 
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1.1 Motivation 

Scientists have modified the characteristics of materials such as metals, polymers, alloys, and 

others, to meet the ever changing requirements of our world. Materials subjected to unexpected 

fractures and continuous degradation of properties during their service life. The objective therefore 

is to create novel technologies that can provide unique materials with improved safety, enhanced 

lifetime and less maintenance or a very less repairing costs. In the modern world finding innovative 

materials with long-term durability and crack avoidance was of extreme significance. Self-healing, 

according to S.R. White [1], a pioneer in the study of self-healing materials, is "the capacity to 

repair fracture and reestablish lost and degraded features or performance utilizing resources 

intrinsically available to the system." 

Highly cross-linking polymers and fiber reinforced composites (CFRP) have attained 

remarkable applicability in numerous structural applications such as automotive, marine, 

aerospace, wind and sports industries due to their superior strength-to-weight ratio, 

lightweight, good corrosion, better thermal resistance and less manufacturing cost etc. Epoxy 

resins are frequently used as matrix for CFRP laminates due to their high glass transition 

temperature (Tg), chemical stability and stiffness, unless these compounds are strengthened, for 

instance in the aerospace industry they have a significant disadvantage: brittleness. As cracks are 

typically not apparent on the composite surface, the industry standard is to periodically analyze 

composite components using costly non-destructive techniques, such as ultrasound- or x-ray-based 

approaches. If a very significant damage area is found, components are simply changed and 

disposed, creating a lot of waste. On the other hand, expensive, invasive, and time-consuming 

approaches have been developed for on-site repair when damage is more limited but compromises 

the structural stability. There is an option, which entails repairing damage that is already present, 

such as delamination and micro-cracks, before it progresses to catastrophic failure. This is 

precisely the reason behind the expanding research in the field of self-healing CFRP composites.  

Biological systems given another inspiration for designing materials with a longer service life, 

like human skins. The reaction of human skin to injuries is triggered by the blood clotting. 

Following that, additional biological substances are delivered to the affected area to promote skin 

regrowth and heal the wound. This method of recovery is considered to be self-healing, and it was 

intended to be the standard for engineering materials designed to be self-healing. The majority of 
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living organisms exhibit self-healing, which is an independent and intriguing process in nature. 

However, it is extremely challenging to create a self-healing material with all the features of the 

human skin due to its sophistication. Inspired from biological systems from the past decades, 

researchers have been explored how engineered materials can "self-heal" after being damaged 

externally. Structural defects are repaired by the methodical transfer of the repaired material and 

the polymerization-dependent mending process of the damaged site. 

Restoration of structural integrity of damaged CFRP composite through thermally reversible 

Diels-Alder bonds with exact interface between matrix/fiber is extremely desirable for 

manufacturing of high performance self-healing laminates. Composite structures experience 

micro-cracks during service conditions and might not fulfill their functionality if the crack is not 

revamped. The cracking or breaking of a material starts at the microscopic level, and usually goes 

unnoticed until the material fails and requires mending. Traditional repairs are expensive, because 

to design (never two the same); to implement (removal from service or in-situ repair); to certify & 

monitor (additional inspection often required) throughout remaining operational life. There is a 

requirement to develop a method which enhances the functionality of the material without 

affecting its inherent properties. Thermally reversible self-healing carbon fiber reinforced polymer 

(CFRP) composites are an excellent technology and cost-effective option for non-reversible 

thermosetting applications and extends the service life of material. 

1.2 Applications 

The main objective of the self-healing technique is to restore the structural integrity after damage, 

extended functionality without effecting inherent properties, enhanced service conditions. 

According to these aspects, self-healing polymers and composites are finding applications in 

numerous fields such as paintings or coating industries, building constructions, automotive, 

aerospace applications, electronics industries and biological fields. For example, the world's first 

self-healing clear coat for automotive surfaces was marketed by Nissan Motor Co. Ltd. under the 

name Scratch Guard Coat [2]. According to the manufacturer, the created paint contains high 

elastic resin that stop scratches from penetrating a painted automotive surface. The complete 

healing process takes between 1-8 days, depending on the severity of the scratch and the 

temperature of the surrounding area. The Bayer Material Science [3] developed two component 

polyurethane clear coats under the trade names Desmophen and Desmodur. According to corporate 
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sources this coating repairs minor scratches when exposed to heat or sunlight, utilized dense 

polymer structure with flexible linkages to create paint. Self-healing anticorrosive coatings could 

be useful for structural metallic materials like steel, in order to achieve long-term service life with 

minimal maintenance costs.  

 Self-healing materials have a wide range of uses in the building industry. Concrete has long 

served as the foundation in the construction industry because of its strong compressive strength, 

heat resistance, and inexpensive. But because of its low tensile strength, poor design errors, poor 

material choices, and other environmental conditions, concrete is susceptible to micro-cracking. 

These defects serve as a host for additional foreign substances including carbonate, chlorine, and 

sulphur, which weaken the structure and the concrete. Controlling or repairing the micro-cracks 

while they are still in their early stages is one of the greatest ways to stop concrete deterioration. 

Due to their capacity to increase the lifespan of a structure, cementitious elements that can cure 

themselves have recently attracted interest from both academics and business. Self-healing can be 

accomplished by adding the appropriate healing agents to the concrete.  

The aviation sector is the next industrial sector where self-healing material applications are 

anticipated. Composite materials are now used much more frequently in aircraft. Composites with 

hollow fiber reinforcement could be used to repair cracks or other defects. Space applications have 

benefited from the use of self-healing polymers. Although, structural components like aircraft 

frames and frames being built to withstand harsh weather conditions, thermal loads, and UV 

radiation, during service conditions may develop micro-voids and micro-cracks as a result of 

unforeseen circumstances. If these flaws are not fixed in time, they will degrade the components 

structural integrity and cause an early failure. Medical industries also use self-healing materials in 

other contexts. Artificial bone, artificial teeth, and other prosthetics may last longer if they are 

made with biocompatible self-healing composite. Self-healing rubber, which was recently 

discovered, might have uses in the toy sector.  

Hydrogel, a 3D structure with a high moisture content, can be used to simulate soft tissues 

due to its adaptable structure. Because of their excellent rheological behavior and capacity to 

naturally repair damage, self-healing hydrogels have become more useful in tissue engineering 

during the last ten years. Injectable self-mending hydrogels have found relevance in cell treatment, 
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tumor therapy and injury healing [4]. Conductive hydrogels have also been utilized in tissue 

engineering to create cardiac muscles and neurons. 

Self-healing methods are increasingly finding applications in a variety of industries. 

According to Grandview research survey of the self-healing market globally [5], the market was 

valued at $291.6 M in 2018 and is projected to increase at a CAGR of 46.5% from 2019 to 2025. 

The demand for self-healing polymers and fiber reinforced composites, as well as an increase in 

the demand for energy-efficient construction methods, are expected to increase growth. The survey 

even predicted that the expansion of polymers and fiber-reinforced composites will increase at a 

CAGR of 46.5% from 2019 to 2025, with the automotive, construction, transportation, and energy 

generating industries expected to contribute significantly to this expansion. 

1.3 Diels-Alder covalent bonding 

Although many self-healing materials have been created till now, it is still uncertain 

whether the fabrication methods that have been suggested are both economically viable and 

expandable to the industrial scales. Thermally reversible Diels-Alder intrinsic technique rely on 

covalent linkage, uses reversible chemical reactions to provide self-healing capabilities. Diels-

Alder covalent bond cycloaddition is well-known for its simplicity, high efficacy, heat-

repairability, and lack of the requirement for catalysts or other materials that can subsequently 

compromise the structural integrity of the polymer. The DA cycloaddition chemistry specifically 

activates two carbon-carbon bonds to result in a cyclic (bi-cyclic) product. When diene or 

dienophile linkage-containing monomers react, a cross-linked polymer is created. By raising the 

polymer's temperature to that required for the retro-DA reaction, cracks can be repaired. The heat 

applied encourages partial polymer chain separation, which enhances the mobility of each 

individual chain. New DA bonds develop when the liquid cools, and the chains re-crosslink. The 

DA covalent reaction's drawback is that it needs outside influences to unite the two 

damaged surfaces.  

The Diels-Alder (DA) reaction is a stimulus-dependent, entirely reversible reaction among 

a dienophile and a diene that produces cyclohexene and returns to the dienophile at a higher 

temperature known as the rDA reaction (retro Diels-Alder) [6]. The DA reversible process can 

produce healing because, DA moieties are less strong than other covalent linkages. As a result, 
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when extreme loads are applied, cracks often spread across the DA moieties, and at high 

temperatures, these broken DA bonds might reconnect. Intrinsic healing, however, does not left 

any gaps after healing has been completed and other healing agent is not required to process 

healing [7]. 

 

Figure 1.1: Classifications of Diels-Alder bonding [8]  

1.4 Graphene nano platelets and Multiwalled carbon nanotubes 

Numerous research attempts have been made over the past ten years to create multi - functional 

polymer nanocomposites that benefit from the distinct structural and mechanical characteristics of 

newly discovered graphitic forms like graphene nano platelets (GNPs) and multiwall carbon 

nanotubes (MWCNTs). Due to their outstanding thermal and electrical conductivities and 

favorable mechanical characteristics, GNPs and MWCNTs have prospective applications in the 

fields of gas storage, microelectronics, battery electrodes, catalyst supports etc. [9]. They are 

typically added to polymer matrices as fillers to change the physical properties of composites. 

They are simple to interlink and bundle together because of their nanoscale size, extremely low 

surface energy, and low bulk density. Therefore, homogenous GNP and MWCNT dispersion in 

polymer matrix is challenging. 

 Physical characteristics and composite structures don't always have a strong connection. 

Numerous efforts have been carried to identify the factors influencing the properties of polymer 

composite, including interfacial bonding between matrix and fillers, surface modification of fillers, 

and filler dispersion in matrix. It is found that chemically modified surface of GNPs and 
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MWCNTs can prevent filler aggregation, unwind bundles, and create strong bonding between the 

polymer matrix and fillers. Therefore, it is extremely desired to carry out surface chemical 

treatment of GNPs and MWCNTs to promote uniform filler dispersion in polymer matrix. 

Furthermore, the covalent connections between the fillers and matrix material can optimize the 

efficient stress transmission from the matrix to the GNP and MWCNT and thus enhance the 

mechanical features of polymer composites. The surface modification of GNP and MWCNT can 

be carried into two methods: direct adhesion of functional groups to the unmodified graphitic 

structure; attachment of oxygenated functional groups to the fillers.  Carbon atoms mainly form 

sp2 hybrid bonds on the sidewalls of GNPs and MWCNTs, which are electron-rich because of the 

highly delocalized π electrons, therefore it is easy to take part in surface modification. 

The incorporation of oxygenated functional groups to the surface can be achieved by 

treating with HNO3, H2SO4, OSO4, KMnO4, plasma etc. [10]. The sp2 bonding at sidewall defects 

can be easily attacked by oxidants, which causes the sp2 hybridization to change into sp3 

hybridization. In order to maximize their potential as fillers for enhancing the characteristics of 

polymer composites, it is essential to find a balance between the surface graphitic structures and 

aspect ratio of GNP and MWCNT as well as adhering chemical moieties with strong affinities to 

matrix materials. Due to their bi-functionality, silane coupling agents are well known for being an 

excellent choice for linking both inorganic fillers and polymer matrix. Without affecting the filler 

graphitic structure, the silane coating on GNPs/MWCNTs might trigger further reactions with the 

polymeric matrix. Therefore, a comprehensive investigation of GNP and MWCNT silanization is 

important. 

1.5 Fiber reinforced polymer composites 

Composite material is a structural substance made up of two or more macroscopically 

joined parts that do not dissolve in one another. The constituent components have significantly 

different characteristics as well as chemically separate phases. Composite materials are technically 

heterogeneous at the microscopic level and statistically homogeneous at the macroscopic level. 

Due to the composites inherent characteristics, its properties are superior to those of its individual 

elements. Carbon fiber-reinforced polymer (CFRP) composites have recently been used in a wide 

range of industries including aerospace, automotive and naval due to their lightweight, high 
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strength/stiffness towards weight ratio, good corrosion resilience, excellent thermal resistance and 

low manufacturing cost etc. 

 Composites are divided into three categories based on type of matrix: metal matrix, 

polymer matrix, and ceramic matrix composites. Similar based depending on type of 

reinforcement, they have been categorized as particle reinforced and fiber reinforced composites. 

polymer composites are further divided into thermoplastic and thermosetting polymer composites 

and fiber reinforced composites are further divided into uni-directional and bi-directional 

continuous fiber composites. The main function of the reinforcement is to carrying loads/stresses, 

contributing to desirable characteristics, and transferring strength to matrix material. The matrix 

component is responsible for binding fibers together, shielding them from the outside atmosphere, 

distributing loads uniformly among fibers, and producing good surface finish to the composite. 

 

Figure 1.2: Classification of composites 

1.6 Organization of the Thesis 

The outline of the thesis is organized as follows.  

Chapter 1: In this chapter, motivation behind the current research work and the applications of 

the work are explained. Different terms related to current work have been introduced and 

discussed. 

Chapter 2: Provides brief literature review on the common types of damages in polymer 

composites and different self-healing mechanisms with major focus on the Diels-Alder self-

healing mechanism. Furan-maleimide self-healing resin preparation, GNP/MWCNT silane and 
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maleimide functionalization, mechanical and self-healing performance of GNP/MWCNT 

reinforced epoxy composites have been discussed.  

Chapter 3: This chapter deals with the materials and synthesis procedures involved in the 

development of thermally reversible self-healing resin and discusses the effect of different 

stoichiometric ratios of resin by various epoxy wt.%. The characterization techniques used to 

analyze the developed polymer composite have been presented. A brief discussion on the 

characterization procedures and the equations used to find different properties have been 

discussed. 

Chapter 4: This chapter describes the exfoliation level effect of different oxidation times 

(48/60/72 h) of graphene nano platelets (GNP) and multiwalled carbon nanotubes (MWCNT). The 

oxidized GNP/MWCNT was functionalized with APTES silane agent followed by maleimide 

grafting was used as reinforcement. The characterization techniques used to analyze effective 

grafting of silane followed by maleimide have been presented. 

Chapter 5: Discusses the effect of functionalized GNP/MWCNT concentration on the mechanical 

properties (Tensile, Flexural, shear strength) of carbon fiber reinforced epoxy composite. Brief 

discussion on the damping characterization of GNP/MWCNT reinforced CFRP have been 

presented. 

Chapter 6: Discusses the effect of functionalized GNP/MWCNT concentration on the flexural 

strength and self-healing efficiency of carbon fiber reinforced epoxy composite. Brief discussion 

on the damping characterization of capsules reinforced CFRP and pure epoxy composites have 

been presented.  

Chapter 7: Discusses the overall conclusions of the study and presents the scope for future works. 
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This chapter discusses the fundamentals of self-healing materials as well as previous findings 

conducted by various researchers on the self-healing performance assessment of thermosetting 

polymer composites. This chapter, in particular, focuses on thermally reversible self-healing 

strategies and briefly describes the techniques employed to determine the healing efficiency. 

2.1 Various damages in polymer composites 

Because of the inherent properties of the materials and the manufacturing process, some flaws may 

already exist in the composites before they are placed into service. Under service, the existing 

defects intensify and further defects surface. Due to the anisotropic structure of CFRP composites, 

damage and failure can take many distinct and complicated forms. The main forms of CFRP 

composite damage mechanisms will be briefly discussed in this section as they relate to loading 

conditions as sown in Figure 2.1.  

 

Figure 2.1 Various damages in polymer composite [13]  

We begin with fiber breaking, a fundamental form of damage process. It is an important 

energy-absorbing mechanism that typically occurs at high velocity [11]. High stress intensity or 

maximum bending stress would occur during a through-thickness impact event, which would result 

in fiber breaking. This kind of failure can be located using resistance change. Carbon fibers start 

to deform elastically under severe tension and breakage of some weaker fibers results in a 

considerable increase in resistance. The broken fibers remain intact and are unable to transfer load 

to the unbroken ones if the strain is still high enough throughout the unloading phase. The 
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interaction of damaged fibers as the strain decreases to a low level would be the primary reason 

for the resistance shift, which is significant [12]. Therefore, the resistance restoration is caused by 

the restoration of elastic deformation which is not very significant. 

A more frequent type of damage mechanism is matrix damage. It is a severe type of failure, 

because it reduces the load carrying capacity of CFRP composites up to 50% [14]. Matrix damage 

primarily consists of two types. One is caused by extremely high shear stress, and the cracks are 

angled at roughly 45 degrees to the mid-surface. Since it results in increased fiber-to-fiber contact, 

which lowers resistivity, this kind of failure can also be identified by a change in resistance. 

Another kind matrix damage attributed due to excessive in-plane normal stress. Cross-ply cracks 

develop transverse to the laminate plane when the stress is greater than the plies tensile strength 

[15]. 

Another typical damage mechanism is delamination, which is the dissociation of the 

individual plies caused by deboning at the matrix-fiber interface attributes to significant reduction 

in compression strength [16]. Delamination frequently occurs on multi-directional composites at 

the junction of fibers with multiple orientations. Initial damage may occur at the interfaces more 

frequently if the interface's bond strength is lower than the fracture strengths of both the matrix 

and the fibers or if force is concentrated on the broken fibers. Additionally, unidirectional 

composites are vulnerable to delamination. It separates several fiber layers and expands parallel to 

the direction of the fibers. It damages the network structure inside composites, which interferes 

with transverse conduction, breaking the fiber-to-fiber contact. Overall, delamination reduces the 

durability of composites and is typically invisible and extremely challenging to detect using 

traditional methods.  

In order to increase structural integrity, prevent failure, and increase the component's 

service life, numerous researchers have employed ideas like self-healing, self-lubricating, and self-

cleaning etc.  Damage detection and self-healing are both the capabilities of self-healing materials. 

Inspired from autonomous healing systems in biological structure, constant efforts are being made 

by researchers to integrate these self-healing principles in structural applications of the polymer 

composites. 
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2.2 Self-healing materials and types of self-healing techniques 

Self-healing materials are artificially created smart materials with the capacity to reform the 

microscopic cracks that appear on a structure without any human involvement. Biomimetic 

healing, autonomous healing, self-repair and self-mending are the substitute words used to define 

the characteristics of self-healing materials. Numerous examples of self-healing are found in 

biology. For instance, a cut or injury on the skin immediately starts the healing process. Depending 

on the type and size of damage, the skin will reconstruct itself within a day or week. Three phases: 

inflammation response, cell proliferation, and remodeling which together provide a brief 

explanation of the Self-healing process in biological systems [17]. The three phases of both 

biological and synthetic self-healing systems are shown in figure 2.2. Similar to biological 

systems, the self-healing in man-made materials can be achieved in chain cleavage, reactive chain 

ends to contact and bonds reformation. 

  

Figure 2.2 Schematic illustration of damage to repair in biological and synthetic routes 

[17,18] 

 There are currently two methods that are frequently used to treat internal micro-nano 

fractures. Extrinsic healing systems; [19] contain a healing agent that is enclosed in a polymer 

matrix, while intrinsic healing systems; [20] produce numerous intrinsic reversible covalent bond 

that reconstruct the fracture when stimulated. Micro-encapsulation [21] microvascular 

networks [22] and hollow fibers [23] are the examples of extrinsic healing mechanisms and Supra-

molecular interactions [24], Host-guest chemistry [25], thermally reversible Diels-Alder bonds 

[26] are the examples of intrinsic healing system.  

In encapsulation approach, healing agent is embedded in to the polymer matrix, when crack 

initiated the capsule subjected to breakage and releases the substance in to the crack region and 
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heal the crack surface. But they, cannot be returned to their monomeric, oligomeric, or cross-linked 

states. Extrinsic healing is therefore dependent on a liquid state healing agent as a separate phase 

in matrix, which has significant limits in terms of one-time healing and synthesis complexities 

[27]. One of the intrinsic self-healing techniques Diels-Alder chemistry is popular due to its 

simplicity, high efficacy, heat-repairability, and lack of dependence on a catalyst or other 

materials. The Diels-Alder (DA) reaction is a stimulus-dependent, entirely reversible reaction 

among a dienophile and a diene that produces cyclohexene and returns to the dienophile at a higher 

temperature known as the rDA (retro Diels-Alder) reaction [28]. 

 

Figure 2.3 Evolution of self-healing approaches [28] 

 

2.2.1 Extrinsic self-healing approach 

One of the promising extrinsic self-healing approach is encapsulation based healing system, White 

et al. [29] were the first to present the idea of capsule-based self-healing. DCPD-

Dicyclopentadiene was used as a healing agent in this investigation and was enclosed in a PUF-

poly urea formaldehyde shell. The healing substance from the DCPD capsules releases whenever 
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the crack comes into contact with them, reacting with Grubb's catalyst to seal the crack through 

polymerization. The healing can be accomplished by embedding either a single microcapsule 

carrying a catalyst for healing or two capsules each having a distinct healing agent in the host 

material. Numerous studies have been done to examine the self-healing behaviour of various 

healing agents, including isocyanates [30], 5-ethylidene-2-norbornene (ENB) [31], paraffin [32], 

polydimethylsiloxane [33], and epoxy [34]. 

 The arteries in the human body provided as an inspiration for the concept of a vascular 

network-based healing mechanism. The three kinds of vascular networks such as 1D, 2D, and 3D 

are being developed with the intention of promoting multiple healing. Hollow fiber-based healing 

systems are also referred to as 1D vascular network systems. Similar to capsules, the 1D network 

technique will encapsulate the healing agent in hollow tubes with the help of capillary action, 

surface pores, or vacuum support [13]. To achieve self-healing functionality, the open end of the 

healing agent tube will be sealed after filling, and the tube will be merged with the polymer matrix. 

This hollow fiber healing technique was first used by Dry et al. [35] to repair concrete cracks. 

Trask et al. [36] studied on the optimization of the hollow fiber production method resulted in the 

manufacture of ideal hollow glass fibers with a hollowness of around 65%, ranging in size from 

30 to 100 m. The method is primarily constrained by the size of the hollow fibers, how they are 

distributed throughout the matrix material, and how this affects mechanical characteristics. 

Some of the techniques that can be used to create vascular structures include soft 

lithography, fugitive inks, laser micromachining, and 3D printing [37]. After producing, healing 

agent will be introduced via syringe or pump into the vascular network [38]. Using the direct ink 

writing approach, Toohey et al. [39] created 3D vascular structure using Grubb's catalyst and 

DCPD as the healing compound and up to seven healing cycles, they showed good healing 

efficiency. In a later version of the design, Hansen et al. [40] included the monomer and catalyst 

in two separated vascular structure and showed good healing efficiency up to 30 healing cycles. 

Further refining the design led to the 100% healing efficiency, according to Patrick et al. [41]. The 

microcapsules based self-healing approach frequently performs healing well and can trigger 

healing function is only as effective as the amount of integrated healing agent in the composites, 

which limits the autonomous healing response. Additionally, the healing agent is often a liquid 
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phase that does not offer reinforcement and leaves a void after capsule rupture, which might 

subsequently lower the composite fracture strength [42]. 

2.2.2    Intrinsic self-healing approach 

In contrast to micro-capsulation and vascular self-healing procedures, intrinsic approaches do not 

require the pre-embedding of the healing substances into the polymer matrix. Instead, healing is 

accomplished by the host polymer hidden healing activity with the aid of macromolecular 

processes. Intrinsic healing systems are broadly classified as, healing based on dynamic covalent 

bonds such as reversible Diels-Alder bonds and healing based on non-covalent bonds such as 

supramolecular interactions. Intrinsic self-mending materials are intended with implicit repeatable 

reform capability after mechanical or thermal damages where the habitation of healing agent and 

catalyst are not needful. Intrinsic self-healing also known as stimuli-responsive self-mending, 

prescribes some external stimulus such as thermal, electrical and photochemical to trigger micro-

nano crack healing activity [43]. Due to tiny Tg of polymers, where cooling and heating activity 

trigger to molecular randominasation, interdiffusion, reamalgamation etc., has an advantage to 

attain molecular level intrinsic mending structure [44]. Amongst the intrinsic self-healing 

polymers, upmost earlier explorations were focused on developing self-healing mechanisms 

evolved from thermal stimulation. 

 

Figure 2.4 (a) Extrinsic and (b) Intrinsic self-healing approaches healing mechanism [28] 
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2.2.2.1   Non-covalent bonds (Supra-molecular chemistry) 

 Researches founded that noncovalent bond included polymeric materials are proficient of 

achieving self-healing cycles, which is a much needed in practical application. Supramolecular 

polymer chemistry networks have been illustrated to have the potential to reform without the 

requisite for external material component or the use of trigger stimuli [45].  According to the group 

of noncovalent bonds engaged in self-healing, the self- healing networks are categorized as 

follows: self-healing structure through hydrogen bonding [46] self-healing structure through - 

stacking interaction [47] self-healing structure through metal-ligand interaction [48], self-healing 

structure through ionomer [49].  

 Biyani et al. [50] designed, a revised cellulose nanocrystals (CNCs) based light-mendable 

supramolecular nanocomposite. UPy end-group was employed to end-functionalize the 

poly(ethylene-co-butylene) (PEB) matrix, in addition to that it modifies CNC surface which 

appears as nanofillers. Anderson et al. [51] described the DNA base-pair, ureido-7-deazaguanine 

(DeUG) and mimics 2,7-diamidonaphthyridine (DAN) having high-fidelity, high-affinity 

quadruple hydrogen-bonding supramolecular coupling agents. The proposed Dan-DeUG 

supramolecular network is category of improved DNA base-pair, exhibiting greater affinity and 

stability than other pairs like adenine-thymine and guanine-cytosine. 

 

Figure 2.5 Types of non-covalent intrinsic self-healing mechanisms [28] 
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Further - stacking non-covalent interaction between aromatic rings has been adapted self-

healing smart material synthesis. In an - stacking interaction system, end-capped -electron 

deficient batch communicate with backbone of -electron rich leads to the thermally stimuli 

reversible network. Generally, the pyrenyl group (electron rich) end-capped polyamide chain and 

co-polyimide (electron poor) chain folding, exhibits - stacking interaction chain reaction. 

Burattini et al. [48] combined pyrenyl groups with electron-rich di-imide groups which were 

electron-poor, in order to accomplish self-healing in elastomers.  

On the other side, supramolecular based metal-ligand coordination polymer can exhibit 

self-healing behavior. Schubert et al. [52] designed metallo-supramolecular polymer using 

2,2’:6,2”-terpyridine (tpy) ligand to Fe(II) with the aid of facile coordination. Further this tpy 

moieties are associated through diethylene glycol bridge and the resulting were reacted with 

equimolar amount of FeCl2 leaves a purple soluble water. This obtained polymer chain 

deconstructed by HEDTA treatment, results quantitative de-complexation. Holten Andersen et al. 

[53] designed a simple stepwise approach for fabrication of self-healing polymer by engaging 

prebinding Fe3+ catechol complexes. They combined Fe3+ ions and catechol-amended PEG 

polymer (cPEG) at small pH value and with the NaOH supplement the pH value increased to 

desired level, that results without iron hydroxide precipitation structure. The originated catechol-

Fe3+ cross-linked polymer gel exhibits good elastic moduli as well as excellent self-healing 

properties.  

 

2.2.2.2   Covalent bonds (Diels-Alder chemistry) 

Chen et al. [54] created the first repairable polymers based on dynamic covalent connections with 

the use of external stimulus. As the healing process happens through macromolecular interactions, 

it is essential to maintain the proper chemicals at the nanometer level in order to have reversible 

bonding and consequently to initiate the healing action. To accomplish self-healing functionality, 

it is always important to bring injured parts back into contact. The type of external stimulus used, 

chain mobility and entanglement, the ability to reversibly polymerize, are the factors to impact 

healing functionality. The DA cycloaddition substance specifically activates two carbon-carbon 

bonds to result in a cyclic (bi-cyclic) product. When diene or dienophile linkage-containing 

monomers react, a cross-linked polymer is created. By heating the polymer to the level required 
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for the reversible DA reaction, cracks can be repaired. The applied heat encourages partial 

polymeric chains splitting, which enhances the mobility of each individual chain. New DA bonds 

develop when the liquid cools, and the chains re-crosslink [55]. The DA covalent reaction has the 

limitation that the two fracture surfaces must be stimulated externally in order to achieve self-

healing functionality. 

 

Figure 2.6 Types of covalent intrinsic self-healing mechanism [28] 

 

2.3 Diels-Alder (furan-maleimide) based self-healing epoxy 

composite 

Due to their high strength to weight ratio and strong corrosion resistance, epoxy-based 

thermosetting polymers are used in the transportation, energy, and automotive industries. But due 

to their inherent brittleness, they are prone to micro-cracks. In recent years, several self-healing 

techniques have been used on epoxy composites to prevent the cracks progression and extend the 

component life by self-healing the damage. In their study of the theory behind polymer crack 

healing, Wool R P et al. [56] conducted an in-depth analysis. They noted that the healing process 

involves five stages: (a) surface rearrangement, which influences preliminary diffusion function 

followed by topological feature; (b) surface approach, associated to healing trends; (c) wetting; (d) 

diffusion, which is the primary controlling factor that regulates recovery of mechanical 
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characteristics; and (e) randomization, ensuring elimination of cracking interface. Furthermore, 

Kim and Wool et al. [57] suggested a microscopic model for the final two phases based on the 

repetition model, which depicts longitudinal network diffusion as the cause of crack mending.  

In order to assess crack-healing behavior, Jud and Kaush et al. [58] tested a variety of 

PMMA -polymethyl methacrylate and MMA-MEA copolymer- polymethyl methacrylate-

comethyl ethylacrylate samples with varying molecular weights and levels of copolymerization. 

By heating samples over the glass transition temperature and applying a modest pressure, they 

achieved crack healing. It was discovered that during short-term loading studies, complete 

resistance was recovered. It is important to keep in mind that crack healing only occurs at or above 

the glass transition temperature. In order to lower the glass transition temperature of PMMA, it 

was subjected to methanol and ethanol treatments by Lin et al. [59]. They discovered that there are 

two separate stages for crack healing: the first one pertaining to the progressive healing owing to 

wetness, and the second connected to diffusion improvement of the quality of healing behavior. 

2.3.1 Thermally reversible bonds 

Thermally reversible crosslinking behavior, has been known for a while. In order to create healable 

polymers, Wudl et al. [60] paired this with the idea of "self-healing". They used the Diels-Alder 

(DA) process to create highly cross-linked polymeric polymers using multi-furan and multi-

maleimide. The "intermonomer" connections separate at temperatures over 120 °C (relating to the 

retro-DA reaction), but they reattach when the temperature drops (i.e. DA reaction). This 

procedure can be employed to repair broken portions of the polymers and is completely reversible. 

The polymers are translucent and have mechanical qualities that are similar to those of unsaturated 

polyester and commercial epoxy. It is theoretically possible to mend cracks indefinitely without 

the use of extra catalysts, monomers, or other surface treatments.  

Wudl's methodology was changed in a later work by Liu and Hsieh et al. [61]. Utilizing 

epoxy compounds as precursors, the multifunctional furan and maleimide molecules were made 

utilizing straightforward processes. In order to include the beneficial properties of epoxy resins, 

such as solvent and chemical stability, electrical and thermal properties, and good adhesion to their 

corresponding cured polymers, the furan/maleimide monomers were infused with epoxy-based 

compounds. In addition, Liu and Chen et al. [62] created polyamides with furan pendent groups 

(PA-F) by using a Michael addition reaction to combine furfuryl amine with polyamides 
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containing maleimide (PA-MI). Through the use of the DA and retro-DA reactions, thermally 

reversible cross-linked polyamides of the PA-MI and PA-F polyamides were produced. The 

thermo-reversible cross-linked polyamides also exhibited the ability to self-repair and restoration 

of mechanical properties. 

 

Figure 2.7. Self-healing epoxy network [55] 

Characterization of healing efficiency is required in order to calculate the extent of 

structural recovery after injuries have been corrected, but there is currently no established testing 

protocol. Sometimes, various testing techniques produce different results. Wudl's team measured 

thermally reversible cross-linked polymers self-healing efficiency from compact tension test (CT) 

through fracture toughness recovery. As the starting crack spread along the specimen's central 

plane under the critical stress, data for the virgin and healed fracture toughness were calculated. In 

spite of the challenges in precise fracture surface and pre-notching complexities, Plaisted and 

Nemat-Nasser et al. [63] used double cleavage drilled compression (DCDC) to assess the mending 

efficiency of the reversible cross-linked polymer based on Diels-Alder bonding. The testing 

geometry permitted for progressive control ability to prevent crack propagation so that the broken 

sample survived the test intact before healing, to straighten the fracture surfaces. 

2.3.2 Synthesis of furfuryl glycidyl ether (FGE) 

Tian et al. [64] synthesized furfuryl glycidyl ether through a two-step process, to fabricate epoxy 

composite with high intrinsic self-healing efficiency with each FGE molecules contained one 

epoxide and one furan group. N,N-(4,4-diphenylmethane) maleimide and 
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methylhexahydrophthalic anhydride were used to cure the FGE before it was polymerized with 

two different kinds of intermonomer links. Specifically, thermo-irreversible bonds from the 

interaction of anhydride and epoxide groups and thermo-reversible Diels-Alder (DA) bonds from 

the interaction of maleimide and furan groups. These two different kinds of bonding give the 

healing functionality and load carrying capacity to the polymer, respectively. Lower activation 

energy is required for FGE to react with maleimide, and the resulting DA bonds are more 

reversible. They utilized double cleavage drilled compression tests and discovered that, the cured 

FGE had increased crack healing ability by nearly 100% recovery of fracture toughness. 

Markus J. Barthel et al. [65] has demonstrated the use of well-defined PFGE-polyfurfuryl 

glycidyl ether homopolymers and PEO-b-PFGE-poly(ethylene oxide)-b-poly(furfuryl glycidyl 

ether) block copolymers as self-healing materials through anionic polymerization. They have 

created thermo-reversible network through retro-Diels-Alder chemistry between the furan groups 

on the side chains of the PFGE elements and a bi - functional bismaleimide cross linker in drop-

cast polymer films. The developed network mended complex scratches and also exhibited multiple 

times healing capability. In a solvent-free synthesis proposed by Jeannette Hilf et al. [66], well-

defined P((FGE-co-GME)C)-poly((furfuryl glycidyl ether)-co-(glycidyl methyl ether) carbonate) 

copolymers with varying FGE-furfuryl glycidyl ether composition in the range of 26% -100% are 

produced directly from CO2 and the corresponding epoxide. The amorphous nature of the polymers 

is reflected in their thermal characteristics. Diels-Alder chemistry is used to do post-

functionalization and cross-linking, which results in the production of reversible networks. At 110 

°C, it is demonstrated that this change is thermally reversible. The first 

random terpolymerization and copolymerization of FGE-furfuryl glycidyl ether with EO-ethylene 

oxide and ECH-epichlorohydrin were accomplished by Ming Deng et al. [67] using an 

alkylaluminium catalyst system called i-Bu3Al/H3PO4/1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU). In comparison to conventional vulcanised polyepichlorohydrin elastomers, this DA cross-

linked polyepichlorohydrin elastomers showed much improved mechanical properties, allowing 

them to be employed as structural materials without the need for reinforcement and also exhibited 

self-healing performance without inherent property damage. 
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2.3.3   Self-healing resin characterization and techniques 

To assess the self-healing performance and investigate the healing through Diels-Alder bonding, 

FGE characterization techniques are essential. The most frequently used methods for 

characterizing the furfuryl glycidyl ether and the furan-maleimide based self-healing resin include, 

Fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance (1H NMR,13C NMR), 

differential scanning calorimetry analysis (DSC), optical, and field emission scanning electron 

microscopy (OM, FE-SEM) to monitor self-healing functionality and structural changes before 

and after healing. 

 FTIR is a technique used to monitor the functional elements (chemical linkages) present in 

the FGE as well as self-healing resin. This method was primarily employed in hydrogels, 

autonomous corrosion systems, healing systems based on capsules, and intrinsic healing systems 

to evaluate the functionality of the healing process and chemical interactions. Tian et al. [64] 

carried out the chemical architecture analysis of synthesized FGE through FTIR and confirmed 

both oxirane and furan functional rings in FGE. FTIR was utilized to investigate the cycloaddition 

phenomenon in DA-rDA based reversible self-healing thermosets in the study reported by Araya-

Hermosilla et al. [68]. In this investigation, the molar ratio of the furan and maleimide groups was 

changed to monitor the strength of the bond and, consequently, the development of the DA 

reaction. In a different investigation by Garcia et al., [69] FTIR was used to verify the hydrolysis 

of the silyl ester healing substance that was later included into a self-healing anticorrosive coating 

technique. The ability of silyl ester to function as a hydrophobic protective layer in self-

mending coatings was demonstrated through the use of the FTIR technique. 

The NMR method employs the nuclear magnetic resonance phenomenon to investigate at 

the products chemical composition, interactions between the thermally reversible covalent 

bonds, the status of chemical reactions, and the development of self-healing systems. Felipe 

Orozco et al. [70] created a furan-grafted polyketone and subjected it to isothermal treatments at 

150 °C after crosslinking it with a common aromatic bismaleimide (1,10 -(methylenedi-4,1- 

phenylene)bismaleimide). By 1H NMR, the changes in the chemical structure and thermo-

mechanical characteristics were primarily investigated. Mohsen Zolghadr et al. [71] synthesized 

and characterized self-mending Diels-Alder polymer and the related semi-interpenetrated polymer 

structure (semi-IPNs). Differential scanning calorimetry (DSC) and sol-gel transitional tests were 
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used to demonstrate the thermo-reversibility through retro Diels-Alder (rDA) reaction. The DA 

poly adduct was successfully subjected to three further DSC cycles, confirming the repeatability 

of the DA/rDA connection and disconnection. 

2.3.4   Self-healing epoxy composite temperature range 

To create self-healing capabilities in the powder coating system, depending on a 

commercially produced OH-polyester resin and uretdione cross-linker Negin Farshchi et al. [72] 

proposed a single molecule that is generated via Diels-Alder and retro Diels-Alder reaction. The 

prepared sample exhibiting self-healing functionality at 120 oC temperature around 30 min with 

acceptable surface features and roughness. POSS-Polyhedral oligomeric silsesquioxane and 

maleimide resin were employed by Xu et al. [73] to incorporate a DA adduct at the interface. The 

self-healing composites showed signs of mending of the cracks upon visual examination after 

being heated to 135 °C and naturally cooling to room temperature.  

Qiao Tian et al. [74] created the sample mixture using DPMBMI and DGFA, 

stoichiometric DPMBMI was dissolved in DGFA at 90 °C for five minutes before being 

immediately cooled to room temperature. The mixture exhibited a DA response from 30 to 85 °C 

with an exothermal spike at 65 °C and the retro-DA reaction is represented as an endothermic 

spike at 110 °C to perform healing functionality. Using a bi-functional DA based epoxy resin, 

Eugenio Amendola et al. [75] created a hybrid epoxy resin with inherent self-healing capabilities. 

The created network, which is based on common DGEBA and DA epoxy, allows for simultaneous 

modification of chemical-physical properties and healing potential. At 90 oC, the mixture of 

2Ph2Epo-DGEBA (65:35) and DDM-Jeff500 (60:40) was reacted, and DSC was used to track the 

degree of curing. As per data, Tg reaches 88 oC at the conclusion of crosslinking, and no additional 

residual reaction is seen during the initial heating scan. When doing a DSC scan at 123 oC, a broad 

endothermic phenomenon related to the r-DA reaction is seen at higher temperatures. From the 

above findings, it was observed that by increasing the polymers temperature to that needed for the 

retro-DA reaction (more than 110 oC), cracks can be repaired. The applied heat encourages partial 

polymer chain dissociation, which enhances the mobility of each individual chain. Fresh DA bonds 

develop when the liquid cools, and the polymer chains will re-cross-link throughout the structure. 
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2.4 Graphene nano platelets (GNP) and Multiwalled carbon 

nanotubes (MWCNT) 

Graphene is made of single atom thick sheet of carbon atoms, these carbon atoms are sp2 

hybridized in structure and are typically synthesized from bulk graphite using bottom-up and top-

down methods. Since it was first introduced in 2004 [76], graphene has drawn interest from the 

whole world of research. The graphene has exceptional electrical, mechanical, and thermal 

properties, particularly when it is exfoliated into a single layer. Its usage is restricted in a number 

of applications due to a lack of cost-effective production techniques and the difficulties involved 

in producing fully exfoliated graphene on a large scale. The graphene can be easily substituted out 

for a more affordable alternative material such graphite nano platelets (GNPs), which typically 

contain square-shaped platelets with nanometer scale thickness less than 200 nm and micrometer 

scale lateral dimensions. Through a simplified chemical process, the GNPs can be produced in 

large quantities from bulk graphite [77].  

 

Figure 2.8 Graphene and carbon nanotube structure [78] 

Similar to graphene, these nanotubes are created from carbon atoms arranged in a lattice just one 

atom thick, but they are formed into long, hollow tubes rather than a sheet. Multiwall Carbon 

Nanotubes (MWCNTs) are regarded of as a number of tubes stacked within of one another, similar 

to the rings of a tree or a folding telescopic antenna [78]. The majority of commercial uses in the 

past involved MWCNTs. Since the discovery of CNTs and graphene, the scientific community's 

interest in these two nanomaterials has expanded significantly, and there have been a significant 

number of papers on these materials. 
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2.4.1   Physical, chemical properties and applications of GNPs and 

MWCNTs 

Graphene is chemically the most reactive form of carbon. Only form of carbon in which each 

single atom is in exposure of chemical reaction from two sides (due to the 2D structure). Carbon 

atom at the edge of graphene sheets have special chemical reactivity. Graphene is commonly 

modified with oxygen and nitrogen containing functional groups. While GNPs has a two-

dimensional sheet nanostructure, CNTs have a one-dimensional cylindrical nanostructure. Both of 

these two nanomaterials are made of tightly packed honeycomb crystal lattices of sp2 hybridized 

carbon atoms, but their geometric structures are very different. With Young's moduli of 0.27-0.95 

TPa and 1 TPa, respectively, and ultimate strengths of 11-63 GPa and 130 Gpa, respectively [79], 

MWCNTs and GNPs were said to have superior mechanical properties. Additionally, MWCNTs 

and GNPs anticipated to perform remarkably in areas like thermal and electrical conductivity. 

Electrical and thermal conductivity for MWCNTs is up to 1800 S/cm and 3,000 W/mK 

respectively. Meanwhile, the electrical and thermal conductivity for GNPs is up to 6,000S/cm and 

5,000 W/mK respectively [80]. It is anticipated that small concentrations of MWCNTs and 

GNPs can greatly enhance the performance of epoxy nanocomposites due to their exceptional 

thermal, mechanical, and electrical capabilities.  

GNPs and MWCNTs have a wide range of existing and potential practical applications, 

where they are incorporated into materials to improve either existing qualities or to provide new 

functionality. These nanoparticles can be used as effective reinforcement in epoxy and CFRP 

based composite to improve electrical, thermal and mechanical characteristics. GNPs and 

MWCNTs can be used in the production of vehicles to increase the strength of components or to 

obtain the same strength with less material, thereby lowering weight. Examples include carbon-

fiber bicycle components where the strength-to-weight ratio is enhanced by adding 

nanoparticles to the resin. Sports equipment like tennis racquets and golf clubs are also made with 

these nanomaterials. The resistance of silicon anodes for Li-ion batteries can be decreased and 

reinforced using MWCNTs, making them more resistant to the impacts of cracking during 

hundreds and thousands of discharge/charge cycles to promote new functionality [81]. 
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2.4.2   Functionalization effect on GNPs and MWCNTs 

The MWCNTs and GNPs based polymer nanocomposites have the potential to produce materials 

with outstanding mechanical properties and multifunctional features. However, due to the 

challenges involved in processing accumulated nanoparticles and the weak interfacial interactions 

between MWCNTs and GNPs and polymer, the potential for using reinforcements has been 

severely constrained. Effective reinforcements for polymer composites require excellent 

interfacial bonds between nanoparticles and the polymer matrix, which must be ensured by 

uniform dispersion [82]. By suitable chemical functionalizing nanoparticles, its inherent properties 

are maintained, and the accumulation of single-layer graphene following reduction in solvent 

phase is also avoided. The surfaces of GNPs and MWCNTs are highly oxygenated and contain 

functional groups including hydroxyl, ketone, diol, epoxide, and carboxyl that can significantly 

change the van der Waals interactions and cause a wide range of solubility in organic solvents and 

water [83]. The structural modification may occur on the surface, at the ends of the GNPs and 

MWCNTs, or both. In order to achieve surface functionalization, one or more sp2 carbon atoms in 

the carbon network must be rehybridized into the sp3 configuration while simultaneously losing 

their electronic conjugation [84]. The covalent modification of GNPs/MWCNTs can be achieved 

in four different ways: nucleophilic substitution, condensation, electrophilic addition, and addition 

[85]. M. Andrade-Guel et al. [86] treated graphene nano platelets with organic acids through under 

ultrasonic radiation of 350 W at various time periods 30 and 60 min. and achieved modified 

graphene surface with functional groups and as well as improved graphene dispersion. 

 Recent times, several salinization process have been implemented to modify MWCNTs for 

use in epoxy base composites with promising properties. Epoxy matrices reinforced 

with MWCNTs that have been functionalized with 3-aminopropyltriethoxysilane (APTES) have 

significantly improved thermo-mechanical characteristics. According to research by Lee et al., 0.2 

wt.% APTES-modified MWCNTs enhanced an epoxy resins flexural modulus by 23% and Tg by 

11.5 oC [87]. Lee and Rhee et al. [88] have demonstrated that APTES modified MWCNTs disperse 

more easily in epoxies and increase their wear resistance more than unmodified MWCNTs. Kim 

et al. [89] reported enhancement in tribological, thermo-mechanical properties for 3-

glycidoxypropyltrimethoxysilane (GPTMS) functionalized nanotube reinforced epoxy composite 

and resulted in stronger interfacial adhesion between the matrix and nanotube. 
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2.5 Mechanical properties of pure and functionalized GNP and 

MWCNT reinforced composites 

It is important to understand how the integration of covalent bond chemistry affects the pristine 

properties of the host polymer matrix and the composite in order to configure self-healing 

composites in real-time applications. The properties of the polymer matrix, such as its fracture 

toughness, stiffness, strength, elastic modulus, and glass transition temperatures need to be 

necessary to comprehend self-healing technology. 

2.5.1 Polymer epoxy composite 

In most of the self-healing composites, due to its structural features epoxy is chosen as the matrix 

material. The change in physical properties, such as the coefficient of thermal expansion, glass 

transition temperature, and viscoelastic properties, is often studied using a dynamic mechanical 

analyzer (DMA). The mechanical properties of epoxy composites with covalent bonding are 

investigated using tensile, flexural, impact, and mode I fracture tests. 

Wudl et al. [54] made use of the thermally revertible covalent bonding capability of the 

DA/rDA adduct among furan (diene)/maleimide (dienophile) to produce a cross-linking structured 

polymer composite with self-mending capabilities. Xu et al. [90] integrated the DA adduct at the 

interface of bismaleimide resin and a POSS-furfurylamine functionalized polyhedral oligomeric 

silsesquioxane to create self-healing structure. The prepared self-healing nanocomposites showed 

signs of crack repair when heated to 135 °C and then naturally cooled to room temperature under 

visual inspection. Wang et al. [91] developed a novel approach for epoxy resin composite, 

reinforced with silane functionalized GNPs, and reported uniform dispersion along with an 82% 

improvement in fracture toughness and better mechanical properties. Lin et al. [92] produced a 

nanocomposite by combining the infusion of a maleimide-functionalized graphene oxide sheet 

with a polyurethane-based double crosslinked DA covalent group and reported 99% healing 

efficiency for the developed nanocomposite. Jang-Kyo Kim et al. [93] successfully functionalized 

silane MWCNT and fabricated MWCNT/epoxy nanocomposite and reported enhanced fracture 

resistance, thermal and mechanical properties compared to pristine sample. Alireza Yaghoubi et 

al. [94] reported a modified surface of hydroxylated multi-walled carbon nanotubes (OH-

MWCNTs) using silanization with 3-aminopropyltriethoxysilane (APTS) and developed a rigid 

polyurethane (PU) foam nanocomposites. According to Ayatol Lahi et al., reinforcing 0.1, 0.5, and 
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1.0 weight percent of MWCNTs to epoxy, enhanced tensile strength of samples with the infusion 

of 0.1 and 0.5 wt. %. With 1.0 wt. % MWCNT, they came to the conclusion that agglomeration 

had taken place [95]. The investigations mentioned above show that the nanoparticle reinforcement 

frequencies were relatively low, these nanoparticles form agglomerations in the composite and 

cannot be disseminated uniformly. Shekar et al. [96] dispersed amine modified MWCNTs into the 

polymer composition evenly using a sonication technique. It was observed that, reinforcement with 

carbon nanotubes improved the flexural properties, namely flexural strength, flexural modulus, 

total flexural toughness and nonlinear deformation. 

 

2.5.2   Fiber reinforced epoxy composite 

The most popular FRP composites utilized in structural applications are CFRP and GFRP. The process of 

incorporating healing resin into the matrix material, the level of integration, and the bonding between the 

healing resin and matrix material all have an impact on the mechanical properties of the matrix material 

and, consequently, the mechanical performance of the overall composite. After analyzing the impact of 

acid and silane functionalization on the tensile and thermal properties of CNT-Basalt-epoxy 

nanocomposite, J.H. Lee and his coworkers [97] reported that the tensile strength and Young's 

modulus of silane-based CNT-Basalt-epoxy nanocomposite were significantly higher than those 

of unmodified nanocomposite. Park et al. [98] grafted maleimide group on to the carbon fiber 

surface, and the furan group functionalization was applied to the matrix. In comparison to a carbon 

fiber epoxy system, there has been a noticeable increase in interfacial shear strength was observed. 

A thermally stimulated DA interaction between maleimide and furan groups produced the healing 

effect. The healing process was initiated via electrical resistive heating. Kostopoulos et al. [99] 

prepared a carbon fibre reinforced composite using a self-healing epoxy system, and their findings 

indicate that although the DA-bond modified composite would have improved fatigue properties 

and fracture toughness, mode I interlaminar fracture toughness could still be recovered to 20-30% 

after healing the damaged specimens at 150 °C for 5 min with an applied pressure of about 1 kN 

and cooling at room temperature. 

 The ability of interface self-healing in epoxy: carbon composite materials has been 

achieved by W. Zhang et al. [100] through the utilization of thermo-reversible Diels-Alder (DA) 

bonds created between maleimide and furan groups to create an interphase between the surface of 

carbon fiber and an epoxy matrix. The single fiber micro-debonding test was used to assess the 
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interfacial shear strength (IFSS) and reported improved IFSS strength than un treated carbon 

fibers. Athanasios Kotrotsos et al. [101] integrated self-healing resin (Bismaleimide prepolymer, 

BMI pp) into high performance carbon fiber reinforced plastics (CFRPs) through Diels–Alder 

mechanism. Under mode I fracture loading, the impact of the (self-healing agent) SHA 

concentration on the toughening and healing capabilities of CFRPs was investigated. The SHA 

was able to moderately increase the composites interlaminar fracture toughness as well as its 

thermally activated healing capabilities. Flexural characteristics, flexural strength (σ max) and 

flexural modulus (E flex), both decrease as SHA concentration rises to 240 gsm. 

2.6 Self-healing efficiency of pure and functionalized GNP and 

MWCNT reinforced composites 

Self-healing assessment of the composite are typically evaluated on both a qualitative and 

quantitative terms. Different microscopes including optical, SEM, and confocal laser microscopes 

are frequently employed for qualitative evaluation. Quantitative healing performance is evaluated 

based on capacity of the sample to restore its original or virgin properties. The self-healing 

approach main objective in both evaluations is to repair the damage and extend the component 

service life by limiting crack propagation. Different material properties such as fracture toughness, 

stiffness and strength are used to measure the healing efficiency. For convenience, researchers 

defined healing efficiency as being common to any material property of interest 

The virgin material properties, healing process, and desired failure mode may all influence the 

material property that must be chosen to define the healing efficiency. For instance, determining 

the healing efficiency based on the fracture toughness necessitates mode I fracture crack opening 

which is nearly identical to the micro crack growth phenomenon that manifests in real-time 

applications [102]. It is preferable to assess the elastomer healing efficiency using tear strength or 

strain energy. Restoration of impact or flexural properties after damage is a better criterion for 

assessing the efficiency of the healing process of fiber reinforced composites. Flexural and impact 

loadings cause delamination, micro-cracking, and fiber-matrix de-bonding failure damages, 

therefore it is ideal to assess the healing efficiency of fiber reinforced polymer composites based 

on the recovery of those damages. 
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2.6.1   Self-healing of polymer epoxy composite 

Researchers are focusing on epoxy resin-based polymer composites to create thermosetting 

polymer-based self-healing composites. Cracks can emerge anywhere in the structure as a result 

of various loading scenarios and types of application. Based on the type of damage recovery, 

several approaches for evaluating the healing effectiveness of epoxy composites have been 

developed. Damage in epoxy composites frequently involves some sort of fracture, in order to 

have structural applications, it is required to analyze the self-healing capacity of the composite 

based on the fracture toughness recovery.  

2.6.1.1  Healing performance based on fracture toughness recovery 

On the basis of the fracture toughness recovery, quasi-static fracture tests are frequently used to 

create self-healing systems. The fracture toughness can be measured using a variety of mechanical 

techniques, including CT- compact tension, DCB- double cantilever beam, TDCB- tapered double 

cantilever beam, WTDCB- width tapered double cantilever beam, SENB- single edge notch 

bending, DCDC- double cleavage drilled compression, three-point bending, and four- point 

bending. However, due to controlled and anticipated crack propagation, DCB and TDCB are the 

most often used techniques to assess mode I fracture toughness. Additionally, with these 

geometries smaller damage volumes can be created and all the fracture parameters can be 

measured. The type of geometry used and the loads applied during testing often affect the damage 

volume. The TDCB geometry suggested by White et al. [1] can be used to precisely model the 

micro cracking that takes place in real-time applications. The TDCB geometry also provides the 

ability to quantify fracture toughness independent of crack length in addition to crack progression 

along the specimen centerline. It is challenging to estimate the length of repaired sample cracks in 

the majority of investigations, researchers used TDCB geometry to assess the healing performance. 

The self-healing efficiency for mode I quasistatic fracture testing is defined as the ratio of healed 

to virgin sample fracture toughness as the fracture resistance of the damaged state approaches zero. 
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healedP
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healedK

C

C

IC

IC         Equation 2.1 
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m
PK CIC 2             Equation 2.2 
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
     Equation 2.3 

Where KIC (virgin) and KIC (healed) are the fracture toughness of virgin and healed samples 

respectively and PC - Critical failure load. 

 

Figure 2.9 Double Tapered Cantilever Beam (TDCB) geometry [1] 

Through the use of a DCPD/Grubbs' healing system, Kirkby et al. [103] examined the impact of 

minimizing crack separation by activating embedded shape memory alloy (SMA) wires to seal the 

crack in epoxy fracture samples. For manually injected samples, the localized heating of the crack 

plane caused by the activation of the SMA wire resulted in a combination of reduced crack gap 

and fracture toughness recovery that boosted healing efficiency by a factor of 1.6. In order to study 

fracture toughness, Shelesh-Nezhad et al. [104] used TDCB- taper double cantilever 

beam geometry with nanofiller infusion. They reported a 165% and 59% increase in fracture 

energy, and fracture toughness respectively. As a substitute to TDCB geometry, Jin et al. [105] 

used WTDCB geometry (which further provides crack growth independent fracture toughness 

assessment), to analyze the healing effectiveness of steel adherents coupled self-healing epoxy 

adhesive system utilizing quasi static fracture test. They reported recovering 56% of the initial 

fracture toughness after 24 hours of healing at room temperature. 
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2.6.2 Self-healing fiber reinforced epoxy composite 

Composite materials perform differently under various thermomechanical loadings since they are 

composed of several components. But for use as structural materials, maintaining structural 

integrity is crucial. In self-healing systems, the component structural integrity can be preserved by 

regaining their original or virgin mechanical properties. As a result, it is crucial to gauge the 

effectiveness of self-healing based on the recovery of mechanical properties. The efficiency of the 

healing process is assessed using factors including fracture toughness, ultimate tensile strength, 

impact strength, fatigue resistance, and compressive and bending strength. 

2.6.2.1 Healing performance based on mode I damage assessment  

Numerous fabrication techniques, such as vacuum bagging, hand lay-up, and vacuum-aided resin 

infusion, have been used to fabricate fiber-reinforced self-repairing epoxy composites. Due to ease 

of manufacturing, customizable mold sizes and shapes, simple up- or down-scaling, and higher 

strength rating of composite, the vacuum bagging method is most frequently employed. Laminates 

of epoxy/carbon fiber composites with various proportions of CNT and sizing agent were produced 

using a hand lay-up assisted vacuum bagging process and reported a 20 % improvement in Young's 

modulus [106]. 

The effect of GNPs on the mechanical characteristics, microstructure, and electrical conductivity 

of cu-based carbon fiber reinforced composites has been studied by Zeng et al. [107]. According 

to the research findings, reinforcing nanoparticles significantly improved the composite hardness 

and tensile strength, even if the increased nanoparticles content initially reduced the composite 

ultimate tensile strength. After analyzing the impact of acid and silane functionalization on the 

tensile and thermal properties of CNT-Basalt-epoxy nanocomposite, J.H. Lee and his coworkers 

[97] reported that the tensile strength and Young's modulus of silane-based CNT-Basalt-epoxy 

nanocomposite were significantly higher than those of unmodified nanocomposite. In order to 

repair the matrix micro-cracks, Shabani et al. [108] infused intrinsic self-mending resin in the 

epoxy/glass fiber cross-ply composite. Flexural loading was used to generate the initial damages, 

and the recovery in flexural modulus and strength was used to assess the efficiency of the 

composite. Peterson et al. [109] have focused on the incorporation of thermally reversible Diels-

Alder adduct into the glass fiber-reinforced epoxy composite by incorporating furan on the 
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thermosetting epoxy resin and maleimide on the glass fiber surface. The micro droplet debonding 

test was used to determine the efficiency of the healing process. Some specimens exhibited a 

maximum healing efficiency of 100%, and up to five times healing was successfully demonstrated. 

2.6.2.2 Healing performance based on other mechanical property 

recovery 

In a few investigations, the criteria utilized to assess the self-healing capability of fibre reinforced 

epoxy composites include, recovery in compressive strength, ultimate tensile strength, and flexural 

strength, interlaminar shear strength (ILSS) after impact. Pan Wu et al. [110] prepared Diels-Alder 

(DA) thermo-reversible compound consisting of a bismaleimide (DPBMI) and a furan (FA) group, 

followed by grafted to a low-viscosity epoxy resin to prepare a self-healing epoxy matrix system. 

The synthesized self-healing epoxy system was incorporated in a unidirectional fiberglass cloth 

and prepare a structural FRP with excellent self-healing efficiency. The ILSS was used to measure 

the self-healing efficiency and reported 108.5 % healing efficiency for the first time healing. W. 

Post et al. [111] reported the fabrication of an organic-inorganic thermoset matrix-based 

intrinsically healing glass fibre reinforced polymer (GFRP) composite. The newly designed matrix 

has been demonstrated by thermomechanical testing to have a Young's modulus value in the region 

of (800-1200 MPa), the capacity to withstand thermally induced healing delamination (70-85 °C). 

After that, GFRPs were created, and standard flexural, fracture, and low-velocity impact testing 

was used to assess their various healing capacities below 100 °C. It was discovered that only a 

modest amount of pressure is necessary for the repair of small scale (<cm2) sized damage. 

Whereas, for larger scale damage (>cm2) necessitates additional healing pressure to completely 

align the broken surfaces and put the fracture regions back in touch. 

 

 

 

 

 

 



35 
 

2.7 Research gaps and Objectives 

After conducting a thorough literature survey on the past available research pertaining to self-

healing of epoxy based fibre reinforced polymer composites, the following gaps were identified.  

 

 Limited literature reported on the synthesis of thermally reversible self-healing composites 

and their self-healing assessment through TDCB model. 

 Most of the self-healing applications are limited to anticorrosion coatings and less focus 

had been done on the structural integrity of components using self-healing approach. 

 Not many researchers focused on controlling of unwanted irreversible site reactions 

encountered in DA chemistry which in-turn downgrades the healing efficiency. 

 Maintaining a perfect balance between reversible bonds (responsible for healing) and 

irreversible bonds (responsible to retain strength) in the epoxy matrix was very less 

exposed. 

 Limited work available on the effect of nanoparticle infused epoxy composites mechanical, 

self-healing performance. 

 Solution to nanofiller agglomeration and the bulk thermo-reversible matrix healing was 

hardly found. 

 Preparation of bismaleimide grafted nanofillers which have both strength and interfacial 

healing capability were not found. 

 Very few studies reported the self-healing of CFRP composites and there is a need to 

crosscheck the reliability of the results. 

 No literature was found on the damping characterization of self-healing CFRP composites 

and the self-healing efficiency evaluation through stiffness regain. 

 

In order to address above mentioned research gaps, the following objectives are outlined for the 

current research work. 

1. Synthesis and characterization of furan (FGE) and maleimide (DPBMI) based 

thermally reversible self- healing polymer composite through Diels-Alder bonding 

2. Evaluation of the exfoliation level effect of oxidation, silane functionalization followed 

by bismaleimide grafting on graphene nano platelets (GNPs) / Multiwalled carbon 

nanotubes (MWCNTs) as reinforcement in composite 
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3. Integration of optimized self-healing matrix with functionalized MWCNT (at various 

exfoliation levels) infusion in CFRP composites and evaluating the impact of filler 

content on mechanical performance 

4. Self-healing performance evaluation and damping characterization of functionalized 

MWCNT reinforced carbon fibre    epoxy composites and healing efficiency 

assessment through flexural and IET technique 

 

Integration of above objectives towards the main aim of the research can be seen in Figure 2.10. 

The main objective of this work is to investigate matrix/fiber/nanofillers interface junction healing 

properties of the CFRP composite before and after damage through Diels-Alder bonding. 

Furthermore, it is intended to re-form structural stability over the CFRP interface junction of the 

damaged area and also examine the average healing efficiency. After consecutive damage cycle 

over the same region, the amount of strength recovery for each damage cycle were also 

investigated. 

 

Figure 2.10 Integration of the objectives 
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2.8 Work plan 

The following work plan is followed to accomplish the main objective of the research. 

 

 
 

Figure 2.11 Work plan 
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This chapter deals with the materials and synthesis procedures involved in the development of 

thermally reversible self-healing resin and discusses the effect of different stoichiometric ratios of 

resin by varying epoxy wt.%. The characterization techniques used to analyze the developed 

polymer composite have been presented. A brief discussion on the characterization procedures and 

the equations used to find different properties have been discussed. 

3.1  Introduction 

The primary objectives of self-healing materials are to provide autonomous repair of invisible 

micro-cracks, increased component service life, and increased structure reliability and durability. 

While various strategies were examined, one of the most successful and versatile method to 

achieve self-healing is diene-deinophile based Diels-Alder (DA) cycloaddition, which is fully 

reversible and undergoes subsequent rDA and DA reactions under stimulus conditions. The DA 

reaction is a reversible cycloaddition reaction between diene and dienophile, and the adduct is 

reversible at temperatures above 110 oC. Generally, a furfuryl group is used as the diene, whereas 

a maleimide group is used as the dienophile. Healing of cracks can be achieved by heating the 

polymer above the temperature required for a reversible-DA (rDA) reaction.  

In the event of crack, under stimulus conditions, the inter-monomer cross-linking structure (the 

combined diene and dienophile network) can be separated known as r-DA reaction and upon 

cooling the separated crosslinking structure will be reunited and that’s how the crack will be 

mended. This process is fully reversible and can be used to restore a fractured part of the polymer 

multiple times, and it does not require additional ingredients such as catalyst, additional monomer 

or special surface treatment of the fractured interface. Epoxy resin and amine based hardener are 

well known for their better flowability, room temperature curing ability, better adhesion features, 

good compatibility, and rapid solidification. Hence, in the present work, the stoichiometric ratios 

of synthesized furan-maleimide group: epoxy-hardener group; were used former responsible to 

develop healing functionalities and later responsible to retain the strength of the polymer 

composite. Whenever, the crack generated the DA adduct formed throughout the polymer 

crosslinking network will be separated as diene, dienophile and upon cooling mobility of each 

polymer chain will be improved by forming DA adduct again. 
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3.2   Materials and Methods 

Different materials used in the synthesis of furfuryl glycidyl ether (FGE) and stoichiometric self-

healing preparation procedures of FGE, bismaleimide, epoxy resin and hardener are discussed in 

this section. 

3.2.1   Materials  

Epichlorohydrin, tetrabutylammonium hydrogensulfate, and furfuryl alcohol were used to 

synthesize furfuryl glycidyl ether (diene), Silica gel (150 mesh size) and obtained from Sisco 

Laboratory, India. 4,4-bismaleimide diphenylmethane (BMI/DPBMI) were used as dienophile and 

received from Alfa Aesar, India. Tetrafunctional methylhexahydrophthalic anhydride curing 

hardener (MHHPA-HY906) and Diglycidylether of bisphenol-A based epoxy resin (DGEBA-

LY556) were used to fabricate host polymer matrix and obtained from Huntsman, India. Analytical 

grade reagents diethyl ether, hexane, ethyl acetate, were used without any additional purification, 

obtained from Finar chemicals Ltd., India, and NaOH (50 w/v.%) obtained from Merck & Co., DI 

(Deionized) water was used throughout the synthesis. Table 3.1 specifies the list of materials used 

in the current study and Table 3.2 specifies the materials key data specifications obtained from 

standard data sheets. Figure 3.1 shows the chemical architecture of the materials used in the current 

study. 

Table 3.1 List of materials used in the present study 

Material Purpose Purchased from Remarks 

Epichlorohydrin Hydroxyl group in 

DA adduct 

Sisco Laboratory, India Oxiarane 

Tetrabutylammonium 

hydrogensulfate 

Ring opening 

reaction 

Sisco Laboratory, India Sulfate 

Furfuryl alcohol Oxirane group in DA 

adduct 

Sisco Laboratory, India Hydroxyl 

DPBMI Dienophile in DA 

adduct 

Alfa Aesar, India Oligomers 

DGEBA based epoxy 

resin 

Host polymer matrix 

material 

Huntsman, india Araldite® 

LY556 

(Trade name) 

MHHPA hardener Curing agent Huntsman, india Aradur® HY06 

(Trade name) 
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Diethyl ether1, 

hexane, ethyl acetate 

Solvents Finar chemicals Ltd., 

Mumbai, India 

AR grade 

NaOH Ring closing of DA 

adduct 

Merck & Co. AR grade 

 

Table 3.2 Key data specifications of materials used in synthesis 

Material Visual 

appearance 

Density (g/cc) Viscosity (pa.s) 

at 25 oC 

Storage life (in 

years) 

Epichlorohydrin clear, liquid 1.18  1 

Tetrabutylammonium 

hydrogensulfate 

solid -- 1.01 1 

Furfuryl alcohol clear, liquid 1.13 -- 1 

DPBMI solid, spherical 

moieties 

1.2-1.25 -- 2 

DGEBA based epoxy 

resin 

clear, viscous 

liquid 

1.15 – 1.20 10 – 12 3 

MHHPA hardener clear, liquid 1.162 53.0 1 

 

Material                                    Chemical Structure 

 

Epichlorohydrin 

 

 

 

 

Tetrabutylammonium 

hydrogensulfate 

 

 

 

 

Furfuryl alcohol 

 

 

 

 

 

DPBMI 
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DGEBA based                 epoxy 

resin 

 

 

 

 

 

 

 

MHHPA hardener 

 

 

 

Figure 3.1 Representative chemical structures of materials used in the study 

3.2.2    Synthesis of furfuryl glycidyl ether (FGE) 

FGE synthesis involved a two-step approach proposed by Tian et al. [64]. In a three necked round 

bottom flask equipped with inlet charging, thermometer, and Nitrogen flow, 76 g 

(0.82 mol) epichlorohydrin was mixed with 3 g tetra-butylammonium hydrogen sulfate under 

magnetic stirring. Then, 72 g of furfuryl alcohol was added dropwise by maintaining a 1:1.1 molar 

ratio of epichlorohydrin and furfuryl alcohol followed by 6 h stirring. Tetra-butylammonium 

hydrogen sulfate assists in the synthesis of chlorohydrin ether by beginning the ring opening 

reaction between epichlorohydrin oxirane and furfuryl alcohol hydroxyl groups. The chlorohydrin 

ether ring closure reaction was carried by adding 120 ml NaOH (50 w/v % diluted solution) 

followed by 3 h of stirring.  

The obtained solution was blended with 120 ml of diethyl ether (prevents subsequent ring opening 

reaction of oxirane and hydroxyl group) and 120 ml of DI water using a separating funnel, resulting 

in organic phase layer separation. For column chromatography, a 150 mesh silica gel containing 

9 ml ethyl acetate and 100 ml hexane was employed as the stationary phase and mobile 

phase respectively, to extract purified FGE. Thin-layer chromatography was used to determine the 

purity of the resulting solvent, which was collected in test tubes. Finally, to extract the purest FGE 

solvent possible, a rotary evaporator was used. 

 

https://www.sciencedirect.com/topics/chemistry/thermometer
https://www.sciencedirect.com/topics/chemistry/epichlorohydrin
https://www.sciencedirect.com/topics/chemistry/oxirane
https://www.sciencedirect.com/topics/chemistry/hydroxyl-group
https://www.sciencedirect.com/topics/chemistry/cyclization-reaction
https://www.sciencedirect.com/topics/chemistry/column-chromatography
https://www.sciencedirect.com/topics/chemistry/mobile-phase-composition
https://www.sciencedirect.com/topics/chemistry/mobile-phase-composition
https://www.sciencedirect.com/topics/chemistry/evaporator
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Figure 3.2 Synthesis process of furfuryl glycidyl ether (FGE) 

3.2.3   Thermally Reversible Self-healing resin preparation 

The thermally reversible self-healing resin matrix was created by compounding irreversible and 

reversible matrix at their stoichiometric ratios, with (DGEBA+ MHHPA) resin as the irreversible 

system and (FGE + DPBMI) compound as the reversible system.  

Under magnetic stirring, 12g (0.027 mol) of DPBMI was dissolved in 10.3 g of (0.054 mol) 

of FGE in an oil bath at 90 oC for 5 minutes at 2:1 molar ratio. Using mechanical agitator, the 

resultant was mixed with 10.01 g of DGEBA epoxy resin (35 wt. % DGEBA in the combined 

weight of DGEBA, FGE, and DPBMI) and cured with MHHPA anhydride hardener. The molar 

ratios of FGE: MHHPA and DGEBA: MHHPA are maintained as 1:0.8 and 1:2 respectively. The 

DA based epoxy mixture was subjected to high speed mechanical stirrer for 15 min. The resultant 

was degassed for 40-50 minutes in a vacuumed desiccator to remove any trapped air.  The 

developed compound was surged into a silicon mould and cured using autoclave at 85 oC / 8 h, 

130 oC / 8 h, and 85 oC / 8 h. The cured polymer composite was coded as 35DA. Using a similar 
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approach, by fixing FGE and BMI quantities, and varying DGEBA wt. %. 45DA and 55DA were 

prepared. 

 

Figure 3.3. Schematic representation of thermally reversible self-healing composite 

preparation 

3.3   Characterization of Self-healing resin 

Various characterization techniques used to investigate the chemical structure of the synthesized 

FGE were discussed in this section. 

3.3.1   Molecular architecture analysis 

Using a Bruker Alpha II Fourier transform Infrared spectrometer (FTIR) with a wavenumber range 

of 4000 cm-1 to 400 cm-1 and a resolution of 2 cm-1, the molecular architecture and functional 
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groups present in the synthesized FGE and thermally reversible self-healing resin. The synthesized 

FGE and thermally reversible self-healing resin were blended with potassium bromide (Kbr). The 

FTIR spectra was observed in the transmittance mode. 

 To cross-check the precise functional groups, present in the FGE, Bruker Avance III HD 

400 Nuclear magnetic resonance spectrometer (NMR) was used. Deuterated chloroform (CDCl3) 

was utilized as the solvent for the 1H NMR spin echo technique for sample, and tetramethyl silane 

(TMS) was employed as the reference material. For complete solubility of FGE in CDCl3, the mix 

was rotated for 20 min and filtered. For the study, the soluble fraction was taken into consideration. 

To know the information of the backbone of the FGE molecules, 13C NMR was performed with 

the chemical shift range from 150 ppm to 40 ppm. 

3.3.2   Differential Scanning Calorimetry (DSC) analysis 

The differential scanning calorimetry is an instrument used for thermal analysis, measures change 

in physical characteristics of a sample along with temperature over time. DSC measures a heat 

quantity that is excessively radiated or absorbed by the sample during a temperature shift based on 

the difference in temperature between the sample and the reference material. 

The DSC analysis was performed on thermally reversible self-healing resin to evaluate the impact 

of hybridization on the production of Diels-Alder (DA) bonds and retro-Diels-Alder (r-DA) bonds, 

The heat flow change that occurred during curing of the resin in its liquid form were examined 

with TG-DSC to determine the curing behavior. 

In the present study, the healing properties of prepared thermally reversible self-healing resin were 

examined using a DSC- differential scanning calorimeter analyzer (DSC 8000 system, 

PerkinElmer). The experiment was carried at 10 °C/min heating rate from room temperature to 

800 oC in nitrogen environment.  

3.3.3   Mechanical characterization of self-healing polymer composite 

Tensile tests were carried out using an Advance Equipments (AE) 30kN universal testing machine 

(UTM) at a crosshead speed of 1 mm/min and a 5 kN load cell to examine the mechanical 

behaviour of thermally reversible self-healing epoxy composites. Type v ASTM D-638 (l× w× t is 

60×12.5×3.2 mm respectively) sample was used to assess the structural integrity of self-healing 
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polymer composites. Three identical samples were examined for each result, and the average was 

taken into account for reporting. 

3.3.4   FE-SEM fracture morphology of tensile sample 

FE-SEM uses high energy electrons to scan the surface of the specimen and the interaction of the 

electrons with the specimen's atoms results in a variety of signals. Respective detectors pick up 

these signals and generate scan images that contain details about the surface composition and 

morphology. 

Surface morphology of the fracture samples is one of the important aspects to be investigated to 

achieve better self-healing performance. In this study (JSM-7600F FEG-SEM) field emission 

scanning gun electron microscope at 5 kv acceleration voltage was used. Before testing, samples 

were attached to conductive carbon tape and gold sputtering to avoid charging of the samples 

during experimentation and to get better image resolution. 

3.4 Results and Discussions 

This section deals with chemical structure confirmation of synthesized FGE, the optimized 

stoichiometric ratio of thermally reversible self-healing resin to balance healing characteristics and 

mechanical strength.  

3.4.1   Chemical architecture of furfuryl glycidyl ether 

To verify the molecular structure and functional groups present in the synthesized furufuryl 

glycidyl ether (FGE), FTIR, 1NMR and 13C NMR analysis are used. Both of these techniques 

verifies the DA adduct formation possibilities of FGE with DPBMI by examining the functional 

groups present in the FGE. 

3.4.1.1 FTIR analysis of furfuryl glycidyl ether 

Epichlorohydrin and furfuryl alcohol were used to synthesize FGE, the chemical architecture was 

determined by FTIR, and the spectra data was represented by Figure 3.4 The absorption spikes at 

3148 cm-1, and 3114 cm-1 represent the C-H broadening vibration of the furan ring, the 

characteristic spike at 1504 cm-1 represents the C-C broadening vibration of the furan ring, the 
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peaks at 1105 cm-1, 1019 cm-1, and 752 cm-1 corresponds to C-O stretching vibration [112] of furan 

ring, furan breathing, and mono-substituted furan ring, respectively.  

 

Figure 3.3 FTIR spectra analysis of synthesized furfuryl glycidyl ether 

The characteristic intensity spike at 3056 cm-1 represents the C-H vibration stretching of the 

oxirane ring, and the intensity peaks identified at 1257 cm-1, 1252 cm-1, and 854 cm-1 represents C-

O-C stretching vibration of oxirane group and 916 cm-1 peak corresponds to oxirane ring breathing 

of FGE. The characteristic peak at 3465 cm-1 attributed to O-H stretching of FGE. The FTIR data 

demonstrated that the FGE product has both oxirane and furan rings, which corresponds to the 

chemical structure of the target substance FGE. 

Table 3.3 Functional groups present in the furfuryl glycidyl ether 

Wavenumber (cm-1) Peak Intensity 

3465 O-H stretching of FGE strong 

3148, 3114 C-H broadening vibration of the furan ring medium 

1504 C-C broadening vibration of the furan ring medium 

1105 C-O stretching vibrations of furan ring strong 

1019 C-O stretching vibrations of furan breathing medium 
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752 C-O stretching vibrations of mono substituted furan ring strong 

3056 C-H vibration stretching of the oxirane ring medium 

1257, 1252, 854 C-O-C stretching vibration of oxirane group medium 

918 oxirane ring breathing of FGE strong 

 

3.4.1.2 1H NMR and 13C NMR analysis of furfuryl glycidyl ether 

The product's 1H NMR spectra were studied for confirmation of both oxirane and furan rings 

existence in FGE Figure (3.5 a). The characterization data of 1H NMR of FGE shown in Figure 

3.5 (a) is as follows: the two dd peaks at δ 2.49 and 2.67 ppm represent CH2 protons of oxirane 

moiety. The oxirane CH proton appears as a multiplet from δ 3.02-3.06 ppm. The CH2 protons 

linked to oxirane are represented by the twin dd spikes at δ 3.32 and 3.65 ppm, respectively. 

Between δ 4.37 and 4.46 ppm, the CH2 protons linked to the furan ring showed as two doublets. 

The furan protons appeared in the aromatic region [74]. As a result, the feasibility of oxirane and 

furan rings has been established by synthesized FGE. 

The characterization spikes of 13C nuclear magnetic resonance of FGE are as follows, Figure (3.5 

b). The peaks at δ 151, 142, 110, and 109 ppm represent the carbons present in the furan ring [113]. 

The peaks at δ 70 and 64 ppm correspond to the two CH2 carbons attached to the furan ring and 

oxirane ring, respectively.  The peak at δ 50 ppm is respective to the CH carbon of the oxirane 

ring, and the peak at δ 44 ppm belongs to the CH2 carbon of the oxirane ring. 

 

Figure 3.5 (a) 1H NMR and (b) 13C NMR of furfuryl glycidyl ether 
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Table 3.4 Functional groups and type of proton present in the furfuryl glycidyl ether 

Approximate chemical shift 

(ppm)ppm) 

Type of proton 

2.49-2.67 CH2 protons of oxirane moiety. 

3.02-3.06  CH proton of oxirane  

3.32 -3.65  CH2 protons attached to oxirane 

4.37-4.46  CH2 protons attached to furan ring  

51, 142, 110 and 109  Carbons present in furan ring 

70 and 64  Two CH2 carbons attached to furan ring and oxirane ring  

44 CH2 carbon of oxirane ring 

50 CH carbon of oxirane ring  

 

3.4.1.3 DSC analysis of thermally reversible self-healing resin 

The temperature ranges of furan and maleimide DA self-healing resin thermally remendable 

properties were revealed by the DSC heating experiment Figure 3.6. The stoichiometric sample 

mixture of FGE/malemide/epoxy was heated in a DSC pan; the mixture executed DA reaction at 

an exothermic spike of 85 oC and retro DA reaction at an endothermic spike of 130 oC.  

 

Figure 3.5 DSC analysis of thermally reversible self-healing resin 
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Further, the furan/epoxide ring opening and glycidyl ether degradation were identified at an 

exothermic trace of 172 oC and 250 oC, respectively. The area below the curve corresponding to 

that peak determines how much energy is absorbed during the separation of the DA adduct [54]. 

As the epoxy percentage rises from 35 to 55 wt.%, the exothermic and endothermic trace area 

reduces, resulting in lesser DA bonds formation and increased irreversibility. The specific enthalpy 

at 130 oC (area of endothermic peak) was reported as 6.382 J/g and 8.161 J/g for 35 and 45 wt.%, 

respectively, and the specific enthalpy reduced to 5.31 J/g for 55 wt.% attributed to lesser retro 

DA bond formations which in turn reduces the healing efficiency. Based on the DSC data, 45 wt.% 

resin has higher number of DA and rDA bonds and exhibited maximum specific enthalpy. 

 

3.4.1.4 FTIR analysis of thermally reversible self-healing resin 

 

 

 

 

 

 

 

 

 

Figure 3.7 (a) Peak and respective proton description (b) FTIR spectra data of furan 

maleimide (DA) based self-healing resin 

 

The FTIR spectra of polymer composite were carried out to investigate the association of 

maleimide in polymer epoxy resin matrix. Figure 3.7 (b) shows the FTIR spectra of Furan-

maleimide Diels-Alder (FMDA) polymer samples of 35DA, 45DA and 55DA. It is clearly seen 

that a new characteristic peak was observed at 1777 cm-1 near 1707 cm-1 (C=O) stretching peak 

[114]. The relative height of the C-O stretching correlates to the number of DA covalent bond 

formation between furan and maleimide groups, as shown in the spectra. DGEBA epoxy resin 

content increase leads to a decrease in the intensity of the characteristic peak from 35DA to 55DA.   
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3.4.1.5 Tensile characteristics of self-healing polymer composite 

The tensile strength, percent strain, and elastic modulus of self-mending polymer composites were 

evaluated under a 5 kN load cell at 1 mm/min cross speed, via Type-v ASTM (D 638). Tensile 

strength, percent of strain, and modulus of elasticity graphs are illustrated in Figure 3.8 (a,b,c) 

respectively.  

 

Figure 3.8 (a) Tensile strength (b) Elastic modulus (c) Sample loading of self-healing 

polymer composite 

35DA exhibited a tensile strength of 2.1 MPa, strain of 0.14 percent and modulus of 1500 MPa 

respectively. For 45DA, the tensile strength, strain and modulus were 3.7 MPa, 0.23 percent and 

1608 MPa respectively, which increased to 8.5 MPa, 0.5 percent and 1700 MPa for 55FMDA. The 

higher values of 45DA and 55DA are attributable to an raise in epoxy weight percentage, which 

enhances the cross linkages consisting of stable anhydride-epoxy bonds and reversible DA bonds 

of the polymer [115]. The increase in tensile properties is due to the effective hybridization of high 

modulus irreversible DGEBA epoxy resin with the low modulus reversible furan maleimide DA 

resin. 
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3.4.1.6 Fracture analysis of tensile self-healing polymer composite  

FE-SEM images of tensile fracture surfaces were used to evaluate the influence of hybridization 

of self-healing polymer matrix. FESEM morphological patterns of fracture surfaces via tensile 

tests at higher magnification were shown to detect fracture behavior (i.e. brittle or ductile). Figure 

3.9 (a,b,c) show fractured surfaces of polymer composites with varied epoxy content. The 

roughness of the fracture surfaces was considered to determine the fracture behavior and crack 

diversion mechanism of the composites. The fracture surface of 35DA sample was noticeably 

smooth with river-like stripes due to lower epoxy weight percentage that is ascribed to brittle 

fracture, as shown in Figure 3.9 (a). As the epoxy content (45DA) increases, the characteristic 

stripe structure does not change, however, as the amount of stripes on the surface rises, ensuring a 

rough morphological surface along with non-homogeneous nature [116], as shown in Figure 3.9 

(b). A similar case may be seen with (55DA), where the stripe structure is the same but the edges 

have more irregularity and the surface roughness is higher, resulting in higher tensile strength than 

35DA and 45DA sample. 

 

Figure 3.9 FE-SEM fractography images of (a) 35 DA (b) 45 DA (c) 55 DA tensile self-

healing polymer composite 

 

3.5 Conclusions 

Furfuryl glycidyl ether (FGE) was synthesized and furan maleimide based thermally reversible 

self-healing polymer composite was fabricated by maintaining stoichiometric ratio of (FGE + 

DPBMI + DGEBA + MHHPA). The self-healing polymer composites was fabricated through 

silica mould by exposing to temperature followed by autoclave curing. The chemical architecture 
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of synthesized self-healing resin, mechanical characterization and fracture morphology of the 

polymer samples was investigated. The following conclusions can be drawn from the present 

study.   

 

■ Optimum stoichiometric ratio of self-healing resin: 

 12 g BMI (0.027 mol) + 10.3 g FGE (0.054 mol) mixed at 90 oC about 5 minutes.  

 With mechanical agitator, 15.21 g DGEBA (45 wt % in BMI, FGE and DGEBA 

compound) was added to the resultant solution and cured using MHHPA. 

■ Optimum curing conditions of self-healing polymer: 

 Autoclave - 85 oC / 8 h, 130 oC / 8 h, and 85 oC / 8 h.  

■  The characterization data of 1H NMR, 13C NMR successfully demonstrates the interaction 

of      furan and oxirane rings in synthesized FGE.  

■ TG-DSC data reveals that, the formation successive exothermic and endothermic peaks 

refer to the DA-rDA bond creation and a maximum enthalpy release of 8.16 J/g for 45DA 

was observed due to superior DA-rDA bond formations.  

■ The successful integration of low modulus of self-healing resin to high modulus epoxy was 

revealed through FTIR spectra.  

■ Healing cycle of fractured polymer composite: 

 Autoclave - 130 oC / 2 h, and 85 oC / 2 h.  

■ The 45 DA sample exhibiting optimum strength with non-homogeneous surface.  

■ The experimental data demonstrate successful fabrication of thermally reversible furan-

maleimide based self-healing polymer composite.   

 

 



54 
 

 

 

Chapter 4 

Evaluation of the exfoliation level 

effect of oxidation, silane, maleimide 

functionalization of GNP and MWCNTs  

 

 

 

 

 



55 
 

This chapter describes the exfoliation level effect of different oxidation times of graphene nano 

platelets (GNP) and multiwalled carbon nanotubes (MWCNT). The oxidized GNP and MWCNT 

was functionalized with APTES silane agent followed by maleimide grafting was used as 

reinforcement in self-healing matrix. The characterization techniques used to analyse effective 

grafting of silane and maleimide moieties on the GNP and MWCNT surface. 

4.1   Introduction 

The self-healing epoxy composite strength can be improved by adding reinforcement in the resin 

matrix. Nanofiller reinforcement in composites is one of the potential techniques for increasing 

strength. Generally, nanofillers are prone to agglomeration and have weak interfacial interaction 

between nanoparticles and matrix. If nanofillers exfoliated as a single atom thick, it can be used as 

a filler to create high-performance hybrid CFRP self-healing laminates with better interfacial 

properties.  In this work, demonstrates Graphene nanoplatelets (GNPs) and Multiwalled carbon 

nanotubes (MWCNTs) exfoliation level through facile oxidation process followed by silane 

coupling functionalization. Nitric acid-HNO3 was used as oxidation agent and 3-Aminopropyl 

Triethoxysilane -APTES was used as silane agent. The nanofillers were oxidized with various time 

periods like 0,48,60,72 h followed by characterization to optimize the period of oxidation for better 

exfoliation level preceded by silane layer deposition.  The oxidation followed by silane 

functionalization of GNPs and MWCNTs, will not affect their physical properties even after 

silanaization, and promotes single-layer nanoparticle exfoliation.  The structural modification after 

functionalization may occur on the surface, at the ends of the GNPs and MWCNTs, or both.  

 The oxidized and silane functionalized GNPs and MWCNTs are grafted with bimaleimide 

moiety to inherit the self-healing characteristics along with being promoted as a dienophile in the 

DA adduct. The oxidization-silanization-bismalimdie grafted GNPs and MWCNTs were finally 

characterized to know the effective grafting of silane and maleimide moieties on the surface and/or 

at the ends of the nanofillers.  

4.2   Materials and Methods 

Different types of materials used in preparation of oxidized-silanized-bismaleimide grafted 

(functionalized) GNPs/MWCNTs are discussed in this section along with method of preparation. 
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4.2.1   Materials 

 3-Aminopropyl Triethoxysilane-APTES, 4,4-bismaleimide diphenylmethane (BMI/DPMBMI) 

were received from Alfa Aesar, India. Finar chemicals Ltd., Mumbai, India supplied analytical 

quality acetone, toluene, ethanol and Dimethylformamide-DMF. Finar chemicals, India supplied 

Nitric acid (HNO3). Nanoshell intelligence Materials Ltd. supplied Graphene Nano Platelets with 

thickness range from 8-20 nm.  Nanoshell intelligence Materials Ltd. provided Multiwall Carbon 

Nanotubes with diameter varying from 2 to 8 nm and length varying from 10 to 20 μm which were 

used as nanofillers in epoxy. All of the compounds were analytical grade and did not require any 

further refining. Table 4.1 specifies the list of materials used in the current study and Table 4.2 

specifies the materials key data specifications obtained from standard data sheets. Figure 4.1 shows 

the chemical architecture of the materials used in the current study. 

Table 4.1 List of materials used in the present study 

Material Purpose Purchased from Remarks 

APTES Silane coupling agent Alfa Aesar, India --- 

DPBMI Dienophile in DA 

adduct 

Alfa Aesar, India Spherical grains 

HNO3 Exfoliation acid Finar chemicals Ltd., 

Mumbai, India 

AR grade 

Acetone, Ethanol, 

Toluene, DMF 

Solvents Finar chemicals Ltd., 

Mumbai, India 

AR grade 

GNPs Reinforcement Nanoshell intelligence 

Materials Ltd 

t- (8-20 nm) 

MWCNTs Reinforcement Nanoshell intelligence 

Materials Ltd 

d- (2-8 nm) 

Table 4.2 Key data specifications of materials used in synthesis 

Material Visual 

appearance 

Density (g/cc) Storage life (in 

years) 

APTES clear, liquid 0.946 2 

DPBMI solid 1.2-1.25 1 

HNO3 clear, liquid 1.51 2 

Acetone, Ethanol, 

Toluene, DMF 

clear, liquid -- 2 

GNPs Nano platelets 2.3 3 

MWCNTs Nano tubes 1.75 3 

https://www.sciencedirect.com/topics/chemistry/nanoshell
https://www.sciencedirect.com/topics/chemistry/multi-walled-nanotube
https://www.sciencedirect.com/topics/chemistry/multi-walled-nanotube
https://www.sciencedirect.com/topics/chemistry/nanoshell
https://www.sciencedirect.com/topics/chemistry/nanoshell
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Figure 4.1 Representative chemical structures of materials used in the study 

4.2.2   Preparation of bismaleimide grafted functionalized GNPs  

Graphene Nano Platelets (GNPs) were functionalized with the maleimide group in three-

step approach: GNP oxidation, silane/amine functionalization, and (BMI) maleimide infusion, as 

illustrated in Figure.4.2. 

In a round bottom flask, 0.3 g of GNPPr (pristine GNPs) was reacted to Nitric acid 69 % 

conc. (HNO3) about 60 h at 80 oC persistent magnetic stimulation under condensation. The 

resultant mixture was diluted, filtered using DI water (pH7) followed by acetone, ethanol washing. 

The resultant was cured at 80 oC for 12 h using vacuum furnace and named GNPOx (Oxidized 

GNPs). Using magnetic stirrer, 0.3g of GNPOx was diffused in toluene (20 ml) and combined with 
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APTES (1wt% GNPOx) using a probe sonicator (69% amplitude) for 20 minutes. The resultant 

was then stimulated at 1250 rpm at 110 oC, for 8 h in presence of a reflux condenser and then 

filtered using moisture trap, purified with toluene, ethanol, and acetone successively. 

 

Figure.4.2: Schematic representation of bismaleimide infused GNP functionalization 

The resultant mixture was cured at 70 °C overnight using vacuum furnace and named GNPSi 

(silanized GNPs). For nucleophilic Michael addition, in a round bottom flask saturated DMF-

DPBMI solution was prepared by mixing 15 ml DMF with 2 g DPBMI, and added 0.3 g GNPSi, 

followed by curing at 80 oC for 2 h. The resulting compound was cleaned with DMF, ethanol, and 

acetone and then cured next to room temperature, named GNPBm (bismaleimide GNPs). 

4.2.3   Preparation of bismaleimide grafted functionalized MWCNTs 

As illustrated in Figure.4.3, the maleimide group functionalization on Multiwall Carbon 

Nanotubes (MWCNT) in three steps: oxidation, silane functionalization, and bismaleimide 

infusion. Initially, 0.3 g of unmodified Pr-MWCNT (pristine) were reacted with 69 % conc. Nitric 

acid (HNO3) in a round bottom flask for 60 hours at 80 oC oil bath temperature with persistent 

magnetic stimulation. Using DI water, the resulting was diluted, filtered, and purified, and pH 7 

was obtained using ethanol and acetone washing. The resulting solution was cured in a vacuum 

furnace at 80 oC for 12 hours and designated as Ox-MWCNT (Oxidized MWCNTs). Under 

magnetic stirring, 0.3 g of Ox-MWCNT was completely dissolved in 20 mL toluene. Using probe 

sonicator (69 % amplitude) 5 mL toluene was combined with APTES (1 wt% Ox-MWCNT) in a 
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previously prepared solution for 15 minutes. The resulting solution was then stirred for 8 hours at 

1200 rpm in a reflux condenser at 110 oC, then filtered and purified using toluene, ethanol, and 

acetone successively [30]. 

 

Figure 4.3: Schematic representation of bismaleimide infused MWCNT functionalization 

The resulting was heated in a vacuum furnace at 70 °C and given a name Si-MWCNT (silanized 

MWCNTs). Following that, using the Michael addition technique, Si-MWCNT were fused with 

the Bismaleimide (DPBMI) moiety using solvent. Saturated DPBMI and DMF solutions were 

generated in a round bottom flask by mixing (2 g DPBMI with 15 ml DMF), followed by 0.3 g Si-

MWCNT addition, and then exposed to 80 oC temperature for 2 hours using paraffin oil bath to 

complete nucleophilic Michael addition. After cleaning with DMF, ethanol, and acetone, the 

resulting was dried at room temperature and given the name Bm-MWCNT (bismalimide 

MWCNTs).  

4.3   Characterization of functionalized GNPs and MWCNTs 

Various characterization techniques used to investigate the effect of oxidation and silanaization 

followed by bismaleimide grafting of the functionalized GNPs and MWCNTs were discussed in 

this section. 

4.3.1   FE-SEM and HR-TEM analysis 

Filed emission scanning electron microscopy (FE-SEM) uses high energy electrons to scan the 

surface of the specimen and the interaction of the electrons with the specimen atoms results in a 
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variety of signals. Respective detectors pick up these signals and generate scan images that contain 

details about the surface's composition and morphology. 

Surface morphology of the functionalized GNPs and MWCNTs is one of the important aspects to 

be investigated to confirm the optimum exfoliation level and effective grafting of silane layer and 

bismaleimide moieties on the surface. In this study (JSM-7600F FEG-SEM) field emission 

scanning gun electron microscope at 5 kv acceleration voltage was used. Before testing, samples 

were attached to conductive carbon tape and gold sputtering to avoid charging of the samples 

during experimentation and to get better image resolution. 

High-resolution Trasmission Electrom Microscope (HR-TEM), which differs slightly from other 

TEM types in its approach, produces a high resolution that can structurally analyse samples at the 

atomic level. Therefore, it is a highly helpful technique in the investigation of all nanoscale 

structures. In this study JEM 2100F, HR-TEM transmission scanning electron microscopy was 

used. 

4.3.2   XRD, EDX and Elemental mapping analysis 

A nondestructive method known as X-ray diffraction analysis (XRD) can give precise details on a 

material's crystallographic structure, chemical structure, and physical characteristics. It is based on 

the constructive interference of crystalline sample and monochromatic X-rays. X-rays are 

electromagnetic radiation with shorter wavelengths that are produced when electrically charged 

particles with enough energy are slowed down. In X-ray diffractogram analysis (XRD), the 

generated X-rays are collimated and directed at a sample of nanomaterials. A diffraction pattern is 

shown by plotting the intensity of the diffracted rays that are scattered over the material at various 

angles. 

EDAX works on the fundamental premise that an electron beam passes through an object to 

produce X-rays. The X-rays are produced based on features and structure of the components 

present in the sample. As a result, this method can also be used to determine the X-rays energy. 

The spectrum of EDX microanalysis contains both semi-quantitative and semi-qualitative 

information. An element map is a visual representation of how the elements are distributed 

throughout a sample. Compared to a simple line traverse, element maps provide a more 

comprehensive 2D depiction of the internal chemical zonation within a mineral. Element maps are 
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particularly helpful in illustrating compositional zonation and element distributions in textural 

context.  The XRD, EDX and Elemental mapping was carried to identify the elements present 

before and after functionalization.   

4.3.3   FTIR spectra analysis 

Using a Bruker Alpha II Fourier transform Infrared spectrometer (FTIR) with a wavenumber range 

of 4000 cm-1 to 400 cm-1 and a resolution of 2 cm-1, the molecular architecture and functional 

groups present in the functionalized GNPs and MWCNTs. The functionalized GNPs and 

MWCNTs were blended with potassium bromide (Kbr). The FTIR spectra was observed in the 

transmittance mode. 

4.3.4   TG-DTA analysis 

Thermogravimetry Differential Thermal Analysis, often known as TG-DTA, is a thermal analyzer 

that can simultaneously measure a sample's various thermal properties in a single experiment. The 

TG component measures the temperatures at which oxidation, reduction, or decomposition takes 

place. It evaluates sample weight changes due to oxidation, decomposition, and any other physical 

or chemical processes that causes weight gain or loss. The DTA component measures 

decomposition processes are classified as exothermic or endothermic. The DTA also measures 

temperatures corresponding to phase transitions including melting, crystallisation, and glass 

transitions where no mass loss takes place on the surface of GNPs and MWCNTs. 

4.4   Results and Discussions 

This section deals with physical chemical architecture alteration of functionalized GNPs and 

MWCNTs before and after bismaleimide grafting, measures the temperatures and weight changes 

at which oxidation, reduction, or decomposition takes place, and any other physical or chemical 

processes that causes weight gain or loss. 

4.4.1 Physical and chemical charactterization of malimide functionalized GNPs   

The physical and chemical characterization of bismalemide functionalized GNPs are carried 

through FE-SEM, HR-TEM. XRD, EDX, mapping and TG-DTA to verify the effective grafting 

of bismaleimide moiety on the GNPs surface. 
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4.4.1.1   FE-SEM analysis functionalized GNPs 

Using a high resolution FESEM, the morphological studies of GNPPr, GNPSi and GNPBm were 

performed. Each sample was keenly studied at lower and higher magnification to identify 

morphological variations with respect to silane-DPBMI functionalization on GNPs surface. 

Figure.4.4 (b,d, and f) illustrates higher magnification images at 100 nms and  Figure 4.4 

(a,c and e) shows the lower magnification images at 1μm, and. Figure 4.4 (a and b) correspond to 

the pristine GNPs and the validation of the aggregation of the GNPs was clearly seen through the 

numerous layers of graphene. Tightly bonded layers of graphene nanosheets without any 

infinitesimal interlayer spacing were obtained near higher magnification at 100 nm and are shown 

in Figure 4.4 (b). This tendency of being in several packed layers of pristine GNPs can be explained 

as the agglomeration of weak Vander Waal attraction forces between them, which is indicated 

through arrow marks in Figure 4.4 (a).  

 

Figure 4.4 FE-SEM images of (a,b) are GNPPr, (c,d) are GNPSi and (e,f) are GNPBm 
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Silanization is performed on oxidized GNPs to further nullify the agglomeration between GNPs 

sheets. This is achieved by converting the obtained hydrophilic GNPs from oxidation to 

hydrophobic GNPs by the attachment of silane functional group during salinization.  The coarse 

irregular surface along with white flake diffusion reveals the attachment of saline functional groups 

to GNPPr [117]. In addition, Malemide was infused on silanized GNPs surface to change from 

GNPSi to GNPBm, which act as a dienophile in DA and r-DA bonding. The covalent bond between 

GNPBm bismelamide and GNPSi amine functional groups is explained with the help of globular 

shaped moieties on GNPBm which were assumed to be bismalemide moieties, as demonstrated in 

Figure 4.4 (e and f). 

4.4.1.2   HR-TEM analysis functionalized GNPs 

HR-TEM studies were carried out on GNPSi and GNPBm samples in order to get high-

resolution morphological alterations due to functionalization and to further confirm effective 

grafting of maleimide moieties with amine functional groups. 

 

Figure 4.5: HR-TEM morphological investigation on (a) GNPSi and (b) GNPBm 

HR-TEM images of GNPSi and GNPBm are shown in Figure 4.5. The uniform layer of 

silane functional groups is attached to GNP’s surface with a tiny portion of layer exfoliation, as 

shown in Figure 4.5(a). The TEM graphs in Figure 4.5(b) show that the bismalemide functional 

group is deposited in globular structures on silanized GNPSi, which is also supported by FE-SEM 

graphs [118]. 
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4.4.1.3   XRD analysis functionalized GNPs 

X-Ray diffraction patterns of untreated (pristine), silane, and maleimide functionalized Graphene 

nanoplatelets (GNPs) were carried out and the results are shown in Figure 4.6.  

The characteristic peaks detected at an angle 2θ = 26.51o, 44.73o, and 56.84o correspond to the 

diffraction planes of (002), (101), and (004), respectively, indicating that GNPs have a graphitic 

structure [119]. The diffraction peak intensity of GNPSi, GNPBm was much larger than that of 

pristine GNPs, results in bi-product elimination indicating more prominent graphite structure and 

leads to separated graphene layers with less aggregation. The diffraction peaks were well matched 

with standard data of JCPDS card No (75-2078). The absence of other peaks in the X-Ray 

diffraction results indicates that the samples are pure. 

 

Figure 4.6: X-ray Diffraction pattern of GNPPr, GNPSi and GNPBm 

GNPs mean crystalline size was calculated using Debye- Scherrer's formulae: Eq. (4.1) D = 
0.9 𝜆

𝛽 cos 𝜃
 

nm, where D – mean crystal domain size; β – Braggs peak (FWHM = 0.4517 radians) Full Width 

Half Maximum; λ - X-ray wavelength (0.154056 nm) for (Copper Kα tube); θ = 26.51 radians – 

diffraction reflection angle. The GNPs mean crystalline size D was revealed as 18.8 nm. Lattice 

strain is a proportion of the distribution of lattice parameters caused by crystal imperfections. The 
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lattice strain (ε) due crystal defects was revealed from Stokes-Wilson Eq. (4.2) ε = 
𝛽 cos 𝜃

4
. Using 

X-Ray line enlargement the dislocation densities (δ) was computed using Eq. (4.3) δ = 
1

𝐷2 . 

Table 4.3:  Crystalline domain size, Lattice strain and Dislocation densities of GNPs. 

Sample Crystalline domain size 

(nm) 

Lattice strain Dislocation density 

GNPPr 18.88 0.101 0.0028 

GNPSi 17.41 0.109 0.0032 

GNPBm 16.82 0.113 0.0035 

 

4.4.1.4   EDX and Elemental mapping functionalized GNPs 

The molecular evidence of the globular-shaped BMI was confirmed through elemental analysis of 

GNPSi and GNPBm shown in Figure 4.7.  

 

Figure 4.7: Elemental Mapping and EDX spectra images GNPSi and GNPBm 
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The mapping zones of GNPSi and GNPBm, as well as the elemental investigation of C, O, and Si, 

were studied. In the case of GNPSi, GNPBm, the oxygen molecule observed in Si-O-Si link fo 

APTS and the C=O bond of BMI respectively, and evenly distributed in the entire mapping region. 

The adsorption of bismaleimide to GNPSi is mainly because of covalent bonds creation between 

the bismaleimide and amine groups. Figure 4.7 (a4, b4) shows equally attached silane moieties 

constituting Si elements on GNPBm surface [120]. Thus, using EDX elemental mapping and FE-

SEM morphology, the effective infusion of DPBMI on GNPSi surface was confirmed. These 

functionalized GNPBm can be used to strengthen a composite, forms DA adduct that promotes 

interfacial self-healing capability. 

The EDX graphs of the images of GNPPr, GNPSi and GNPBm are shown in Figure 4.7. 

The purity of the samples was claimed with the chemical content in the sample and no other 

impurities were recorded. In all two samples, carbon was the principle element with almost 95 % 

presence. It is observed that the rise of oxygen content in GNPBm compared to GNPSi is ascribed 

to the evidence of grafting of besmelamide moieties on GNPs via covalent bond formation. 

4.4.1.5   TG-DTA analysis of functionalized GNPs 

The thermal stability of GNPPr, GNPSi and GNPBm was investigated by thermo- 

gravimetric analyzer to explore successful covalent functionalization of GNPs as shown in Figure 

4.8 

 

Figure 4.8: Weight loss curves of GNPPr, GNPSi, and GNPBm 
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The thermal trend of GNPPr shows initial mass degradation at 100 oC, which is mostly due to 

surface moisture elimination, followed by no significant degradation was observed. GNPSi 

thermal pattern indicates a progressive weight loss of 10% over the temperature range. The 

degradation of GNPSi at 350 oC is due to the removal of oxygenated functional groups such as 

carbonyl, hydroxylic acid, and carboxylic group, followed by the formation of a thrixosilane layer 

on the surface [121]. Furthermore, due to bismaleimide moiety grafting on the surface of GNP, the 

GNPBm thermal pattern showed major degradation compared to GNPPr and GNPSi. At 200 oC 

degradation of furan-maleimide functional moiety on the surface of GNPBm was observed [122]. 

Around 350 oC, there was a significant degradation due to oxygenated and thrixosilane group 

removal, leaving an 83% residual mass. The graphene pyrolysis thermo-chemical treatment of 

carbon skeleton further destroyed GNPBm at a temperature range of 600 o – 700 oC. The 

bismaleimide functional group was successfully deposited on the surface of graphene nanoplatelets 

and confirmed through TGA studies. 

4.4.2   Characterization of oxidized and silanized MWCNTs  

Various characterization techniques like, FE-SEM, HR-TEM, TG-DTA and XRD was carried to 

estimate the optimum HNO3 oxidation time to exfoliate MWCNTs as single tube thick followed 

by silane layer attachment on the MWCNTs surface. 

4.4.2.1   FE-SEM analysis of oxidized MWCNTs 

A bifunctional molecule that reacts with the fillers and the polymer is needed to connect inorganic 

nanofillers and the CFRP matrix. To study the influence of different oxidation durations (48/60/72 

h) and APTES silanization on pristine MWCNTs, we initially concentrated on morphological 

analysis using FE-SEM, as shown in Figure 4.9. In line with expectations, the FESEM image of 

the MWCNT-Pr (Figure 4.9a) showed an aggregation between several hundred nanotubes 

connected by a weak van der waals attraction. As MWCNT-Pr oxidization with nitric acid (HNO3), 

a nanotube exfoliation is intended, resulting in the bonding of oxygenated chemical compounds 

such as O-H (hydroxylic), C=O (carbonyl) and COOH (carbocylic) on the surface. The oxidizing 

effect allows the MWCNT-Pr to benefit from de-aggregation by reducing the interfacial attraction 

forces [123].  
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Figure 4.9. FE-SEM image of (a) Pristine MWCNT (agglomeration of nanotubes), (b) 

OAC-60 showing nano-level ruptures (shown by arrow marks) (c) OAC-60 showing 

sufficient lateral and transverse exfoliation (d) OAC-72 showing tiny transverse 

agglomeration 

Although the MWCNTs remained aggregated after 48 hours of oxidation (OAC-48), attractively, 

nano-scale fissures are produced on the nanotube surface (Figure 4.9b shown by arrows). As 

shown in Figure. 4.9 (c, d), these nano-level fissures continue to accelerate the lateral exfoliation 

of MWCNT after 60 h (OAC-60) as well as 72 h (OAC-72). Additionally, transverse separation is 

seen for OAC-60 under FESEM along with the lateral exfoliation of the MWCNTs, and the 

combination of these exfoliations creates a 3D networked nanotube structure with tiny openings. 

This 3D networking structure is anticipated to have two benefits: first, it will allow for the 

homogeneous silane oligomer grafting onto the nanotube edges and surfaces through silanization, 

and second, it provides greater access for epoxy resin crosslink to build a robust interface [124]. 

Significant transverse agglomeration is observed in the case of OAC-72, probably as a result of 

additional lateral dispersion of MWCNTs, which may have enhanced the surface energy of 

MWCNTs (Figure 4.9d). The sieving function of the fibers is expected to prevent infusion of 

CFRP intra-laminar zones that exhibit either or both transverse and lateral aggregation. In the 
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hybrid CFRPs, the network of distinctive OAC-60s is predicted to be a more favorable interaction 

with the epoxy structure. It may show a greater ability to lay close to the carbon fibers effectively. 

4.4.2.2   HR-TEM analysis oxidized MWCNTs 

To determine the efficiency of silane moiety infusion on the surface of MWCNTs, HR-

TEM micrograph analysis of O.A.C. (48/60/72 h) was performed, and the results were reported in 

Figure. 4.10. 

 

Figure 4.10. HR-TEM micrographs of (a) O.A.C. 48h (b) O.A.C. 60h (c) O.A.C. 72h 

 

With a minimal amount of layer exfoliation, the homogeneous layer of silane functional 

moieties adhering to the surface of MWCNT was observed for OAC-48, as depicted in Figure 

4.10(a). However, transverse direction exfoliation and the lateral separation of the carbon 

nanotube occur after oxidation for a period of more than 48 h. These phenomena are 

distinguishable in the OAC-60 and OAC-72 samples Figure (4.10 (b, c)). For OAC-60, there may 

be a noticeable amount of exfoliation of the silane layer-infused nanotube was observed. 

Furthermore, the OAC-60 surface roughness is more prominent than that of OAC-48 (shown by 

arrows). Therefore, the roughness can be ascribed to uniform silane functional moiety presence 

[125]. The MWCNTs multilayer structure was mainly preserved during the oxidation and 

silanization process. However, in the case of OAC-72, the lateral splitting of the MWCNT and the 

exfoliation of nanotubes have formed a step-like pattern discovered as aggregation after washing 

and drying. It may be concluded that effective adsorption of several oxygenated groups to the 

surface of MWCNTs during oxidation with HNO3 for at least 60 h, followed by silanization, can 

lead to successful exfoliation of nanotubes. 
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4.4.2.3   XRD analysis of oxidized MWCNTs  

X-Ray diffraction of unprocessed (pristine), silane functionalized MWCNTs with different 

oxidation times were carried, and the results are represented in Figure 4.11. MWCNT exhibited an 

intense sharp diffraction peak at 2θ = 26.29o attributed to diffraction plane (002). This peak 

demonstrates that the MWCNTs graphite structure underwent acid oxidation followed by 

salinization without considerable damage.  

 

Figure 4.11. XRD analysis of pristine and functionalized MWCNTs 

 

When the MWCNTs are treated with an acids/silane group, their crystallinity order weakens, and 

the diffraction pattern moves to lower angles [126]. The other distinctive diffraction patterns of 

MWCNT were observed at 2θ = 44.38o and 54.48o, which correspond to the diffraction planes 

(101) and (004), respectively. The functionalized MWCNT (OAC-60) diffraction peak intensity 

was significantly higher than other MWCNTs, showing that bi-product removal resulted in 

pronounced graphitic structure and distinctive MWCNTs along with precise exfoliation. 

According to the standard spectral data, the MWCNT's characteristic peaks are successfully 

confined (JCPDS/41–1487). MWCNTs mean crystal size was estimated using Debye-Scherrer's 

formulae: Eq. (4.1) D = 
0.9 𝜆

𝛽 cos 𝜃
 nm, where β – Braggs peak/FWHM = 2.24; D – mean crystal domain 

size; θ = diffraction reflection angle (radians); λ - wavelength of X-ray  (0.154056 nm) for (Cu/Kα 
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tube). Lattice strain results from crystal flaws and is a fraction of disseminated lattice constants. 

The ε-lattice Strain was exposed from Stokes-Wilson Eq. (4.2) ε = 
𝛽 cos 𝜃

4
. Dislocation densities (δ) 

were calculated using X-Ray line enlargement, Eq. (4.3) δ = 
1

𝐷2
 . The mean crystal size and lattice 

strain of MWCNT-Si(60) were found to be 4.05 nm, and 0.0522, respectively and the values are 

listed in Table 4.4. 

Table 4.4. Mean crystal size (nm), Dislocation density (δ) and Lattice strain (ε) 

Sample Code Crystal domain 

size (nm) 

Dislocation 

density(δ) 

Lattice 

strain(ε) 

MWCNT-Pr 3.08 0.1054 0.0173 

MWCNT-Si(48) 3.47 0.0711 0.0259 

MWCNT-Si(60) 4.05 0.0407 0.0522 

MWCNT-Si(72) 3.89 0.0643 0.0396 

 

4.4.2.4   TG-DTA analysis oxidized MWCNTs 

TG/DTA was used to evaluate the thermal stability of pristine and silanized MWCNT (OAC-48/60 

h) under an N2 environment. The results are displayed in Figure 4.12. Pristine MWCNTs hardly 

degrade at below 600 °C temperature, leaving a residue of about 96.8 wt. % due to moisture 

elimination at 100 oC.  

The silanized MWCNT (OAC-48/60 h) exhibits a progressive weight loss of around 12-14 wt. % 

throughout the temperature range [93]. At 330 oC, significant mass degradation was observed due 

to the evaporation of hydroxylic acid/carbonyl/carboxylic functional groups, followed by 

thrixosilane layer decomposition on the Si-MWCNT surface. At temperatures between 600 and 

700 °C, the carbon skeleton underwent pyrolysis, a thermo-chemical process that further degrades 

Si-MWCNT. The increasing mass decomposition of the functionalized MWCNT provides 

evidence that the silane functional group was successfully infused onto the MWCNT surface. 

Furthermore, the DTA curves demonstrate that, particularly for O.A.C. (48/60 h), the temperature 

associated with the maximal degradation rate is higher due to the stronger covalent connections 

generated between the silane moiety molecules and the surface of the MWCNTs. 
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Figure 4.12 Weight loss percentages of functionalized MWCNTs through TG-DTA analysis 

 

4.4.3   Characterization of bismaleimide grafted functionalized MWCNTs 

The morphological changes of silanized and bismaleimide functionalized MWCNTs were 

examined through FE-SEM, HR-TEM and elemental mapping. The thickness changes of 

functionalized MWCNTs are calculated through XRD analysis and Halder-Wagner plots.  

4.4.3.1   FE-SEM analysis bismaleimide grafted functionalized MWCNTs 

The morphological studies of Pr-MWCNT, Si-MWCNT, and Bm-MWCNT are carried out using 

a high resolution FESEM. Every sample was keenly examined under high and low magnification 

to detect morphological alterations associated with maleimide functionalization of MWCNTs. The 

functional group degradation over temperature were studied using TG-DTA analysis. 

The Figure. 4.13 (a,c and e) demonstrates the lower magnification at 1μm and Figure. 4.13 

(b,d, and f) demonstrates the higher magnification at 100nms. The validation of the aggregation 

was readily apparent by the multiple layers of MWCNTs shown Figure. 4.13 (a). forces by the 

weak Vander Waal forces. 
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Figure 4.13: FESEM images of (a,b) are Pr-MWCNT, (c,d) are Si-MWCNT and (e,f) are 

Bm-MWCNT 

This aggregation due to weak Vander Waals attraction forces between MWCNT layers, as 

indicated by circles, in Figure (a,b). The effect of oxidation and silanization on pristine MWCNTs 

was investigated shown in Figure 4.13 (c,d), which shows significant changes in surface 

morphology when compared to Figure 4.13 (a,b). As MWCNT is oxidized with HNO3, an 

exfoliation is anticipated resulted in the attraction of the oxygenated functional group such as 

carbonyl (C=O), hydroxylic acid (O-H), carboxylic group (COOH) [123] at the edges on the 

MWCNTs. The oxidation effect offers the pristine MWCNT to gain advantage of de-
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agglomeration by weakening the inter-sheet attraction. The oxidized MWCNTs are salinized to 

reduce aggregation between the MWCNT tubes. This is accomplished by attaching a saline 

functional group to the generated hydrophilic MWCNTs after oxidation, resulting in hydrophobic 

MWCNTs. The attachment of silane functional groups to Ox-MWCNT is shown by the coarse 

uneven surface with white flake dispersion [127]. Bismalemide was grafted on the surface of Si-

MWCNT to convert it into a dienophile. The globular shaped moieties on the Bm-MWCNT tubes 

are predicted to be the bismalemide moieties, which associates the covalent link between 

maleimide and amine functional groups as shown in Figure 4.13 (e and f). It was discovered that 

particle size estimated from Halder-Wagner and Scherrer’s approach, which fall within the range 

of 2-4 nm, has a strong resemblance with the average particle size estimated based on 

morphological research of FE-SEM, HR-TEM. As a result, the average particle size of 

functionalized MWCNTs lies in between 2-4 nm with high aspect ratio around 2400.  

4.4.3.2 HR-TEM analysis and elemental mapping of functionalized MWCNTs 

HR-TEM micrograph analysis of Si-MWCNT, Bm-MWCNT was carried to identify effective 

silane and maleimide moeity infusion on the surface of MWCNTs. 

 

Figure 4.14 TEM investigation on (a,b) Si-MWCNT with EDX (c,d) Bm-MWCNT with 

EDX (e) Elemental mapping images of C, O, Si respectively. 
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The successful functionalization is projected to be the infusion of the maleimide moiety as a 

globular structure on the surface of Si-MWCNT [128]. The EDX mapping (Figure 4.14 c,d) of Si-

MWCNT and Bm-MWCNT, an oxygen atom was discovered in the Si-O-Si group of APTS and 

(-C=O) group of bismaleimide respectively. Another finding from EDX was that Bm-MWCNT 

had greater oxygen weight content than Si-MWCNT, which could be due to malimide infusion via 

covalent bond formation.  

Elemental analysis of Bm-MWCNTs was performed to confirm the globular-shaped BMIs 

molecular evidence. The elemental examination of C, O, and Si, as well as the mapping zone of 

Bm-MWCNT, were studied under HR-TEM. In the case of Bm-MWCNT Figure 4.14 (e3), the 

oxygen atoms located in and C=O bond of BMI are uniformly dispersed throughout the mapping 

area. The attachment of maleimide moieties on Si-MWCNT is mostly due to the creation of 

covalent bonds between the maleimide and amine groups. Figure 4.14 (e4) displays evenly coupled 

silane moieties comprising Si moieties on Bm-MWCNTs surface [120]. Thus, using FE-SEM and 

HR-TEM morphological analysis, we have proven the efficient infusion of DPBMI on Bm-

MWCNT surface. These functionalized Bm-MWCNTs can be reinforced in self-healing 

composites, forming a DA adduct and capable in interfacial healing composite and filler. 

4.4.3.3   XRD analysis and Halder-Wagner plots of functionalized MWCNTs 

The diffraction peaks identified at 2θ = 26.29o, 44.38o, and 54.48o corresponds to (002), (101) and 

(004) diffraction planes respectively, demonstrating MWCNT have a graphitic structure shown in 

Figure 4.15. The (002) diffraction peak intensity shows broaden due to finite number of MWCNT 

tubes and curvature [126]. The morphology and crystalline of MWCNTs are substantially 

conserved during silane and malemide functionalization, according to the XRD patterns of pure 

and functionalized MWCNTs. The diffraction peak intensity of functionalized MWCNTs was 

much higher than that of untreated MWCNTs, indicating that bi-product elimination results in 

more prominent graphitic structure, attributes distinct MWCNTs with minimal aggregation [129]. 

Individual MWCNT layer exfoliation was caused by functionalization, which rendered the oxide 

diffraction peak at (2θ = 11.01o) utterly obsolete in X-Ray diffraction pattern properties.  The 

MWCNTs diffraction peaks are well confined with standard diffraction data of JCPDS file No (41-

1487). 
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Figure 4.15 (a) XRD analysis of MWCNT, Halder-Wagner plots of (b) Si-MWCNT and (c) 

Bm-MWCNT 

The Debye-Scherrer's formulae [123] were used to calculate the average crystal domain 

size of the MWCNTs, as follows: D = 
0.9 λ

β cos θ
 nm, where D – average crystal domain size; λ–(X-

Ray wavelength-0.154056 nm) for (Copper Kα tube); β – Braggs peak (FWHM = 2.24) Full Width 

Half Maximum in radians; (θ=26.29o) – diffraction reflection angle. The average crystal domain 

size D was discovered to be 3.08 nm of MWCNTs based on the diffraction plane peaks. Crystal 

defects cause lattice strain, which is a proportion of the dispersion of lattice constants. The crystal 

defect caused the lattice strain (ε), and dislocation was computed using Stokes-Wilson ε = 
β cos θ

4
. 

The following δ = 
1

D2  where D is the average crystal domain size was used to evaluate dislocation 

densities (δ) in the sample using X-Ray line broadening. The Halder-Wagner approach assumes a 

symmetrical Voigt function for peak broadening [127].  According to the Halder-Wagner 

technique, the crystal domain size and lattice strain are related by (
βhkl

∗

dhkl
∗ )

2

=
1

𝐷
(

βhkl
∗

dhkl
∗2 ) + (

ϵ

2
)

2

where 

dhkl
∗ =  2dhkl Sinθ λ⁄  and  βhkl

∗ =  βhkl Cosθ λ⁄  and Plot (βhkl
∗ dhkl

∗2⁄ ) (βhkl
∗ dhkl

∗⁄ )2 along X and Y-
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axis respectively for each diffraction XRD peak [130]. The functionalized MWCNTs average 

crystal size is determined by the slope of the depicted straight line, whereas the lattice strain is 

determined by the intercept. The average particle size and strain has been calculated as 3.97 nm 

and 0.448 respectively from Halder-Wagner plot. 

Table 4.5: Crystal domain size, Lattice strain of functionalized MWCNTs. 

Sample Scherrer Method Halder-Wagner Method 

Crystal size D 

(nm) 

Lattice 

strain (ε) 

Crystal 

size D (nm) 

Lattice strain 

(ε) 

Si-MWCNT 3.45 0.01090 3.72 0.0162 

Bm-MWCNT 3.76 0.03110 3.97 0.0448 

 

4.4.3.4   TG-DTA analysis of functionalized MWCNTs 

TG-DTA was performed on MWCNTs to monitor weight loss under steady rate heating and to 

evaluate samples thermal stability. TG-DTA weight loss patterns of Pr-MWCNT, Si-MWCNT, 

Bm-MWCNT were displayed in Figure 4.16. 

 

Figure 4.16: Weight loss curve of Pr-MWCNT, Si-MWCNT, and Bm-MWCNT 

The Pr-MWCNT demonstrating excellent thermal stability throughout temperature range and 

small mass degradation was observed at 100 oC attributes to moisture elimination. The thermal 
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trend of Si-MWCNT shows a gradual weight loss of about 8 percent over the temperature range 

and mass degradation at 340 oC due to elimination of carbonyl, hydroxylic acid, and carboxylic 

group [131]. Furthermore, Bm-MWCNT exhibits 14% weight loss compared to Pr-MWCNT 

results in furan-maleimide functional group elimination observed between (210-270 oC). There 

was a considerable degradation around 370 oC due to the elimination of thrixosilane and 

oxygenated groups, leaving an 86 percent residual mass. The Bm-MWCNT further degraded due 

to pyrolysis treatment of carbon Skelton. The progressive mass degradation of functionalized 

MWCNT confirms the successful infusion of bismalimde group on the MWCNT surface. 

4.4.3.5   FTIR spectra analysis of functionalized MWCNTs 

FTIR spectra for functionalized MWCNT samples are reported in Figure 4.17. The characteristic 

peak 3787 cm-1 is attributes to free (-OH) hydroxyl group, whereas 1410 cm-1 and 3440 cm-1 bands 

are associated to the stretching frequencies (–OH) in (C–OH) and (OC-OH) respectively. The 

vibration modes of both symmetric and asymmetric (C–H) groups of MWCNT are related with 

the infrared absorptions at 2937, 2849, and 848 cm-1. The (-C=C) conjugate stretching is attributed 

to the band peaks ranging from 1639-1565 cm-1. The band peaks ranging from 1120-980 cm-1 

attributes to (-C-O) stretching vibration in alcohols. The existence of these band peaks in the 

pristine MWCNT sample is due to either oxidation or ambient moisture. 

 

Figure 4.17: FTIR Spectra Analysis of functionalized MWCNTs 
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After HNO3 acid wash two new peaks were observed, at 1643 cm-1 (C-O) and 1719 cm-1 (C=O) 

attributed to carboxyl and carboxylic group stretching respectively, which are bonded to MWCNT 

surface after oxidation [132]. Danny Vennerberg et at. [133] reported functionalization of 

MWCNT. We also noticed similar characteristic peak positions of MWCNTs in our report. Three 

new characteristic peaks were observed at 1047, 1019, 805 cm-1 attributes to asymmetric stretching 

of (Si-O-Si), deformation stretching of (Si-O-C) and (Si-OH) respectively. This spectrum evidence 

suggested that acidic groups reacting with amine groups on the surface of oxidised MWCNT 

results in successful APTS functionalization [134]. After BMI grafting on the silinazed MWCNT, 

two new bonds observed at 1455, 1147 cm-1 associated to C-N-C band of bismalemide moiety 

justify effective maleimide functionalization on MWCNT surface.   

 

4.5   Conclusions 

The Graphene Nano Platelets (GNPs) and Multiwalled Carbon Nanotubes (MWCNTs) 

agglomeration was addressed through functionalization. First the GNPs and MWCNTs are 

oxidized with HNO3 followed by silane layer attachment and bimalemide moiety grafting is known 

to be functionalization process. Different oxidization times was followed to maximize exfoliation 

level of GNPs and MWCNTs. Various characterizations like FE-SEM, HR-TEM, XRD, FTIR, 

TG-DTA, W-G plots was performed to reveal the effective silane and bismaleimide grafting on 

the surface of GNPs and MWCNTs.  The following conclusions are drawn from the current study. 

 Amine functionalization is used to address GNPs and MWCNTs aggregation, precise 

interface management between composite and filler. 

 Transverse separation is seen for 60 h oxidation under FESEM along with the lateral 

exfoliation and the combination of these exfoliations, creates a 3D networked 

nanofiller structure of GNPs and MWCNTs.  

 From HR-TEM data, effective adsorption of several oxygenated groups to the surface of 

GNPs and MWCNTs during oxidation with nitric acid for at least 60 h was confirmed 

followed by silanization can lead to successful exfoliation. 
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 From the XRD data the mean crystalline size of the functionalized GNPs and MWCNTs 

was found to be 18.8 and 4.17 nm respectively. The EDX data supports the uniform 

adhesion of silane oligomers (O-H, C=O and COOH) to GNPs and MWCNTs surfaces. 

 The DTA curves demonstrate that, for 60 h oxidation, the temperature associated with the 

maximal degradation rate is higher as a result of the stronger covalent connections between 

the silane moiety and GNP/MWCNT surface. 

 Bismaleimide moiety was used to modify the surface of the silanized GNPs and MWCNTs 

which acts as both a "dienophile" and a reinforcer in the DA adduct. 

 Three new characteristic peaks were observed at 1047, 1019, 805 cm-1 attributes to 

asymmetric stretching of (Si-O-Si), deformation stretching of (Si-O-C) and (Si-OH) 

respectively confirms the effective silanization. 

 The existence of two distinct FTIR peaks with wave numbers of 1140 cm-1 and 1450 cm-1 

confirms the effective C-N-C group of bismaleimide functionalization according to FTIR 

spectra. 

 The X-Ray Diffraction peaks of functionalized GNPs and MWCNTs were well confined 

with data in JCPDS file No (75-2078) and JCPDS file No (41-1487) respectively indicating 

a prominent graphitic structure.  

 The covalent bond between bismelamide and silane amine functional groups is explained 

with the help of globular shaped moieties on the surface of functionalized GNPs and 

MWCNTs which were assumed to be bismalemide moieties. 

 It is observed that the rise of oxygen content in bismaleimide nanoparticles is greater than 

that of silanized, is ascribed to the evidence of grafting of bismeleimide moieties on the 

surface via covalent bond formation. 

 The residual weight loss of bismaleimide grafted nanoparticles is greater than that of 

silanized and unprocessed, indicating that bismaleimide functionalization was successful, 

according to TG-DTA. 
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 The spherically shaped moiety attachment on the surface of silanized GNPs and MWCNTs 

further confirmed successful bismalemide functional group infusion by FE-SEM and HR-

TEM. 

 The average particle size and strain of functionalized MWCNTs has been calculated as 

3.97 nm and 0.448 respectively from Halder-Wagner plot. 

 It was discovered that particle size estimated from Halder-Wagner and Scherrer’s 

approach, which fall within the range of 2-4 nm, has a strong resemblance with the average 

particle size estimated based on morphological research of FE-SEM, HR-TEM. 

 The silane-maleimide functionalized GNP and MWCNT is not only thermally stable and 

mechanically strong, but it also exhibits self-healing properties due to its dienophile nature.  
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Chapter 5 

Mechanical and fractography analysis of 

functionalized GNP/MWCNT reinforced 

polymer and CFRP composites  
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This chapter discusses the effect of functionalized GNP and MWCNT concentration on the 

mechanical properties (Tensile, Flexural, Inter-laminar shear strength) of carbon fibre reinforced 

epoxy composite. The fractographic examinations through FE-SEM carried and briefly discussed 

various failure criterions. Brief discussion on the damping characterization of functionalized GNP 

and MWCNT reinforced CFRP have been presented. 

5.1   Introduction 

The interfacial and matrix healing capability have been studied in this for thermally reversible self-

healing furan maleimide Diels Alder (FMDA) based hybrid polymer composite. FMDA composite 

with various weight ratios (0.5, 1.0, and 1.5 wt %.)  of bismaleimide infused Graphene Nano 

Platelets (GNPBm) and Multiwalled Carbon NanoTubes (Bm-MWCNT) was fabricated and 

characterized. FMDA with varying epoxy, GNPBm/Bm-MWCNT wt.% were considered for 

mechanical and morphological features. Amine functionalization was used to address 

GNPs/MWCNTs aggregation, precise interface management.  

In evaluating high-performance multiwall carbon nanotube (MWCNT) based carbon fiber 

composite, effective chemical functionalization of fillers for sufficient exfoliation and precise 

interface interactions with resin matrix are challenging to attain due to significant interlayer 

cohesive energy and inactive surfaces of composite. Herein, we demonstrate an effective way to 

produce CFRP composite with amended interfacial characteristics via the incorporation of 

MWCNT through oxidation followed by silane functionalization with their various exfoliation 

levels. These oxidized MWCNTs later underwent amine-based silane moiety functionalization 

through an APTES silane agent. Topographical examination and spectroscopic studies were 

conducted to determine the exfoliation degree and functional group adhesion of the resulting 

functionalized MWCNTs. To assess the impact of functionalization on laminated hybrid CFRP, 

the amine-modified MWCNTs were initially diffused in a hardener/epoxy matrix using an 

ultrasonic-mechanical dual stirring process and then hybrid CFRP composite was prepared using 

a vacuum bagging technique and further assisted in autoclave curing. 
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5.2   Materials and Methods 

Different types of materials used in preparation of bismaleimide grafted functionalized 

GNPs/MWCNTs infused CFRP composite are discussed in this section along with method of 

preparation. 

5.2.1   Materials 

 As discussed in chapter 4, 3-Aminopropyl Triethoxysilane-APTES, 4,4-bismaleimide 

diphenylmethane (BMI/DPMBMI) were used as silane coupling agent and maleimide moiety 

respectively. Analytical quality solvents like, acetone, toluene, ethanol and Dimethylformamide-

DMF were used for extraction. Graphene Nano Platelets and Multiwall Carbon Nanotubes with 

diameter varying from 2 to 8 nm and length varying from 10 to 20 μm which were used 

reinforcement in composite preparation. Plain weave unidirectional carbon fiber with 200 GSM 

and 1.82 g/cc density was used as reinforcing fibers, supplied by Composites Tomorrow India. 

Table 4.1 specifies the list of materials used in the current study and Table 4.2 specifies the 

materials key data specifications obtained from standard data sheets. Figure 4.1 shows the 

chemical architecture of the materials used in the current study. 

Table 5.1 List of materials used in the present study 

Material Purpose Purchased from Remarks 

GNPs Reinforcement Nanoshell intelligence 

Materials Ltd 

t- ( 8-20nm) 

MWCNTs Reinforcement Nanoshell intelligence 

Materials Ltd 

d- (2-8 nm) 

CFRP Fiber Composites Tomorrow ---- 

 

Material                                                   Image 

CFRP 

 

https://www.sciencedirect.com/topics/chemistry/multi-walled-nanotube
https://www.sciencedirect.com/topics/chemistry/nanoshell
https://www.sciencedirect.com/topics/chemistry/nanoshell
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Vacuum pump 

 

Probe Sonicator 

 

GNPs 

 

MWCNTs 

 

Figure 5.1 Representative images of materials used in the study 

5.2.2 Fabrication of functionalized GNPs infused self-healing polymer 

composite 

Self-healing polymer composite was developed by compounding irreversible and 

reversible resins at their stoichiometric proportions, with DGEBA as irreversible and (BMI +FGE 

+ GNPBm) mixture as reversible. Under magnetic stimulation, 12 g BMI (0.027 mol) was diffused 

in 10.3 g FGE (0.054 mol) at 90 oC about 5 minutes. With mechanical agitator, 10.01 g DGEBA 

(35 wt. % in BMI, FGE and DGEBA compound) was added to the resultant solution and cured 

using MHHPA. The resultant compound was degassed about 45 minutes to pull out trapped air 

using vacuumed desiccator. The cured polymer composite was coded as 35FMDA.  
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Figure. 5.2. GNPBm infused self-healing sample preparation  

Using a similar approach, by fixing FGE and BMI quantities, and varying DGEBA wt %. 

45FMDA and 55FMDA were prepared.  After selecting the optimum FMDA code as a self-healing 

matrix, using probe sonicator bismaleimide graphene (GNPBm) in a different weight ranges as 

0.5, 1.0, and 1.5 wt. % were reinforced and the interfacial healing capability in polymer composites 

was evaluated. The developed compound was surged into a silicon mould and cured using 

autoclave at 85 oC / 8 h, 130 oC / 8 h, and 85 oC / 8 h.  

5.2.3  Fabrication of functionalized MWCNTs infused self-healing polymer 

composite 

The self-healing epoxy resin matrix was created by compounding reversible and irreversible 

matrix at their stoichiometric ratios, with DGEBA resin as the irreversible system and (FGE + 

DPBMI) compound as the reversible system. Under magnetic stirring, 12g (0.027 mol) of DPBMI 

was dissolved in 10.3 g of (0.054 mol) of FGE in an oil bath at 90 oC for 5 minutes at 2:1 molar 

ratio. Using mechanical agitator, the resultant was mixed with 10.01 g of DGEBA epoxy resin (35 

wt. % DGEBA in the combined weight of DGEBA, FGE, and DPBMI) and cured with MHHPA 

anhydride hardener. The molar ratios of FGE: MHHPA and DGEBA: MHHPA are maintained as 

1:0.8 and 1:2 respectively. The Bm-MWCNT/DA-epoxy mixture was subjected to probe sonicator 

with 30 s intervals for 5 min. The resultant was degassed for 40-50 minutes in a vacuumed 

desiccator to remove any trapped air.   
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Figure. 5.3. Bm-MWCNT infused self-healing sample preparation  

The produced resin was poured into a silicon rubber mould and autoclaved at 85 oC for 8 

hours, followed by 130 oC for 8 hours, and 85 oC for 8 hours. The resulting polymer composite as 

graded as 35DA. Using similar procedure, keep the quantities of BPDMI and FGE as constant and 
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altering DGEBA wt. % the 45DA and 55DA were made. After choosing the optimum grade as a 

matrix, the interfacial healing effect in polymer composites was investigated using bismaleimide 

infused multiwalled carbon nanotubes (Bm-MWCNTs). The DSC experiment has been carried to 

determine the optimum vol. % composite grade to balance both mechanical properties and self-

healing efficiency. According to exo-endothermic peak areas of DSC data, 45DA was chosen as 

the optimum grade, and Bm-MWCNT nano filler was added in various weight ratios as 0.5, 1.0, 

and 1.5 wt. % to investigate the interfacial healing capability of Bm-MWCNT/epoxy nano 

composite. 

5.2.4   Fabrication of functionalized MWCNTs infused CFRP composite 

Initially, 0.5 wt.% of Pristine MWCNTs about the DGEBA was disseminated in the HY906 

(anhydride hardener) via ultrasonic-mechanical dual mixing. The double mixing process was 

carried out using an ultrasonic probe sonicator with subsequent mechanical stimulation at 600 rpm. 

The ultra-sonication (with titanium alloy probe) was carried at 69% amplitude for 10 s pulse on 

and 10 s pulse off time for 30 min. A flowing water chiller bath was used to keep the temperature 

during the dual mixing process below 50 oC. After double mixing, DGEBA resin and DY070 

accelerator were infused by ensuring a weight mixing ratio of 100:95:2 among 

DGEBA/HY906/DY070, followed by mixing at 1200 rpm using a high-speed mechanical stirrer. 

The resultant solution was then degassed to release the trapped air that had been trapped during 

mixing under a vacuum desiccator for 40 minutes. The mixture was infused into the 8-layer stack 

of unidirectional carbon fiber mats using the vacuum bagging process. The pristine MWCNT-

infused hybrid CFRP composite underwent pre-curing at 110 oC/2 hr and 150 oC/8h post-curing 

using autoclave vacuum pressure at 2 bar and graded as CFRP-Pr(0.5). The preparation of neat 

CFRP and functionalized MWCNT-infused CFRP with MWCNTs (different oxidation times 

0/48/60/72 h) variations used the same procedure mentioned above. Table 5.2 describes the CFRP 

composite codes and their respective volume fractions. 
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Table 5.2. Pure and oxidized-silanized MWCNT reinforced CFRP composite with various 

oxidation times and their respective volume fraction 

 

Composite Type Oxidation 

Duration  

Nano 

Filler 

Oxidation 

Nano 

filler 

wt.% 

Volume Fraction (%) 

Fiber           Matrix           Nano Filler Content 

Pure-CFRP - - - 38.80            61.2               0 

CFRP-Pr(0.5) 0 OAC-0 0.5 38.42            61.19             0.384 

CFRP-Pr(1.0) 0 OAC-0 1.0 38.27            60.94             0.779 

CFRP-Pr(1.5) 0 OAC-0 1.5 38.0              60.76             1.17  

CFRP-Si48(0.5) 48/APTS OAC-48 0.5 38.42            61.19             0.384 

CFRP-Si48(1.0) 48/APTS OAC-48 1.0 38.27            60.94             0.779 

CFRP-Si48(1.5) 48/APTS OAC-48 1.5 38.0              60.76             1.17  

CFRP-Si60(0.5) 60/APTS OAC-60 0.5 38.42            61.19             0.384 

CFRP-Si60(1.0) 60/APTS OAC-60 1.0 38.27            60.94             0.779 

CFRP-Si60(1.5) 60/APTS OAC-60 1.5 38.0              60.76             1.17  

CFRP-Si72(0.5) 72/APTS OAC-72 0.5 38.42            61.19             0.384 

CFRP-Si72(1.0) 72/APTS OAC-72 1.0 38.27            60.94             0.779 

CFRP-Si72(1.5) 72/APTS OAC-72 1.5 38.0              60.76             1.17  

 

5.2.5 Volume fraction of fiber and matrix calculation 

The rule of mixture of composites can be used to determine the necessary number of layers to build 

a laminate with the appropriate thickness. This rule states that the volume of the laminate is the 

sum of the volumes of each of its component parts. 
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mmffC VVcompositeofDensity  )(              Equation 5.3 

fW - weight fraction of fiber; mW - weight fraction of matrix;  f - density of fiber; m - density 

of matrix 

Mould Dimensions:180×150×3.5 mm3 

Nano fillers wt.%: 0.5, 1.0, 1.5 

Weight fraction of fibre (Wf): 0.5 

Weight fraction of matrix (Wm): 0.5 

Density of fiber (ρf): 1.8 g/cc 

Density of matrix (ρm): 1.16 g/cc 

Tensile sample dimensions: 160×15×2.8 mm3 

Short beam shear sample: 15×5×2.8 mm3 

Flexural sample dimensions: 60×12×2.8 mm3 

Weight of composite = ρC× Vc=133.07 gm 

Weight of matrix = 0.5×133.07= 66.53 gm 

Weight of fibre = 66.35 gm 

Mass of each carbon layer = 8.3 gm 

No of layers required = 66.35/8.3 = 7.99~8 

By substituting in above equations, Vf = 0.3842, Vm = 0.61199, V filler   ρC = 1.4082 g/cc 

mW  = 0.5, fW  = 0.5 were considered such that more number of functionalized MWCNTs can be 

incorporated in the matrix and thus can get better strength and healing efficiencies. According to 

Hoa S V et al. [135], the highest volume percentage of fibre that may be used in the hand layup 

technique to obtain the best characteristics is around 40%. The chosen values mW  = 0.5 and fW  = 

0.5 are justified because the calculated values were within the range.  



91 
 

5.3  Mechanical performance and damping behavior analysis of 

functionalized GNPs and MWCNTs infused composite 

Various characterization techniques used to investigate the effect of functionalized bismaleimide 

grafting GNPs/MWCNTs reinforced polymer and CFRP self-healing composite were discussed in 

this section. 

5.3.1   Mechanical Performance evaluation 

The mechanical characteristics like tensile (ASTM D 3039, l× w – 160 × 150 mm), flexural 

(ASTM D 790, l × w – 60 × 12 mm) and short beam shear (S.B.S) (ASTM D2344, l × w – 15 × 5 

mm) specimens of plain and functionalized MWCNTs (different oxidation durations along with 

silanization, bismaleimide) grafted composite materials were investigated using advanced 

equipment UTM a rate of speed 1 mm/min, 50 kN load cell. Three identical samples were 

examined for each result, and the average was considered for reporting.  

In order to study the mechanical behavior of functionalized MWCNTs reinforced self-healing 

CFRP composite and neat CFRP composite, three-point bending test was conducted by using 

advanced equipments AE50kN UTM. The flexural dimensions used were ASTM D 790 and 40 

mm span, 50 kN load cell and 1 mm/min speed rate were applied during testing. The impact of the 

initial damage, the concentration of functionalized MWCNTs, and the healing behavior were 

assessed based on the flexural strength of the composite. According to Equation 5.4 and 5.5, the 

flexural strength and strain were determined. 

  
22

3

bd

PL
StrengthFlexural  MPa   Equation (5.4) 

  
2

6

L

d
StrainFlexural


  MPa    Equation (5.5) 

P-applied Load in N; L- Span distance in mm; b- width of the specimen; d- thickness of specimen; 

δ- displacement in mm 

The following was used to determine CFRP composite w.o.f. (work of fracture) from a flexural 

testing.   w.o.f. = 
𝐴

𝑏ℎ
 kJ/m2   Equation (5.6) 
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Where b - sample width, h - thickness, and A - expressed in Joules to indicate the work required 

to deform/rupture the flexural specimen. The w.o.f. is measured in kJ/m2.  

The following Equation (5.7) was used to determine the interlinear shear strength of the resulting 

hybrid CFRP composites. Where b - the width, h is - the thickness of the S.B.S. sample, and P - is 

the maximum breaking load. 

Short beam shear sample: 15 X 5 X 2.8 mm3 (ASTM D2344) 

ILSS = 
3P

4bh
  MPa  Equation (5.7)   

Where, b - width, h - thickness of the SBS sample, and P - the maximum breaking load. 

5.3.2   Damping characterization 

 

Figure 5.4. Impulse excitation technique (I.E.T.) setup (a) schematic diagram (b) 

experimental setup 

The I.E.T. technique and flexural vibration mode were considered to explore the CFRP 

composite's damping performance. According to ASTM E 1876, I.E.T. is a nondestructive 

impulse-based method for determining material dynamic elastic characteristics. The elastic 

modulus of the specimen is determined using I.E.T. resonant frequency, which also makes it 

possible to evaluate the specimen damping behavior. Figure 5.4 shows the experimental setup and 

schematics used in the current study. The following equations can calculate the specimen's 

dynamic elastic properties and damping factor.  

 Dynamic elastic modulus (E) = 0.9465 
𝑚 𝑓𝑓

2

𝑏
 (

𝐿3

𝑡3) T1   Equation (5.8).  

 For samples with L/t > 20, T1 can be figured out using  Equation (5.9)   
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 T1 = [1.000 + 6.585 (
𝑡

𝐿
)]  damping factor (𝑄−1) = 

𝐾

𝜋𝑓𝑓
   Equation (5.10).  

The relationship between the damping ratio and the damping factor (ζ) can be given by 

(𝑄−1) = 2ζ   Equation (5.11).   

5.4   Results and Discussions 

5.4.1   Tensile Characteristics 

Tensile properties and specimen fracture morphology of bismaleimide functionalized GNPs and 

MWCNTs infused polymer composite and oxidized and silane functionalized MWCNTs infused 

CFRP composite laminate were presented.  

5.4.1.1 Tensile properties and fracture morphology of functionalized GNP 

infused self-healing polymer composite 

The strength and modulus of 45FMDA (Gr-0.5) were reported as 6.2 MPa and 1675 MPa 

respectively, which improved to 9.7 MPa and 2771 MPa, respectively, for 45FMDA (Gr-1.0) and 

further tensile properties decreased to 7.1 MPa and 1820 MPa, respectively, for 45FMDA (Gr-

1.5). The uniform dispersion of bismalemide infused GNP nanofillers in polymer epoxy resin 

under sonication results in improved interaction between polymer matrix and nanofiller attributes 

to low aggregation, which can transfer load more effectively and is responsible for the 

improvement of tensile properties of 45FMDA (Gr-1.0).  

 

Figure 5.5. Variation of (a) Tensile Strength (a) Tensile Strain (c) Elastic Modulus GNPs in 

fused self-healing polymer composite 
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Furthermore, the amine groups treated GNP reacted with BMI resin carbon bonds on the graphene 

sheet's edge, increasing the bonding strength between nanofillers and polymer epoxy resin. The 

addition of 1.5 wt.% GNPBm, on the other hand, degraded the polymer composite's tensile 

characteristics. This problem occurs when a large number of GNPBm nanoparticles are not evenly 

dispersed in the polymer matrix, causing agglomeration, [136] which reduces the strength and 

toughness of the material and has a negative impact on mechanical properties. 

Table 5.3: Tensile properties and self-healing efficiencies of GNPs infused self-healing 

polymer composites 

Sample Code Tensile 

strength 

(MPa) 

% of Strain Elastic 

modulus  

(MPa) 

35FMDA 2.1 ± 0.32 0.14 ± 0.037 1500 ± 142 

45FMDA 3.7 ± 0.29 0.23 ± 0.032 1608 ± 161 

55FMDA 8.5 ± 0.36 0.50 ± 0.035 1700 ± 187 

45FMDA (Gr~0.5) 6.2 ± 0.42 0.37 ± 0.034 1675 ± 146 

45FMDA (Gr~1.0) 9.7 ± 0.48 0.35 ± 0.031 2771 ± 193 

45FMDA (Gr~1.5) 7.1 ± 0.27 0.37 ± 0.030 1820 ± 159 

 

 

Figure 5.6: Fracture morphology of GNPBm infused Tensile polymer composites 

The homogenous distribution pattern of functionalized GNPs on the surface of the composite is 

shown in Figure 5.6 (a-c). The infused GNPBm nanoparticle inhibited the proliferation of micro-

cracks and caused them to by-pass to other routes, as clearly seen from Figure 5.6 (a,b). The path 
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of the micro-crack changes as it collides with GNPBm nanoparticle, resulting in energy 

consumption [137]. The increase in roughness caused by severe interfacial interaction of GNPBm 

and epoxy in Figure 5.6 (b) clearly demonstrates the crack deviation process. Figure 5.6 (c) shows 

that the GNPBm content of 55FMDA (Gr-1.5) increases aggregation and the creation of pores, 

resulting in poor mechanical characteristics of the composite. Crack behavior and deviation 

mechanisms of a furan maleimide based self-healing composite with GNPBm infusion were 

revealed by fracture surface micrographs. 

5.4.1.2   Tensile properties and fracture morphology of functionalized MWCNT 

infused self-healing polymer composite 

Figure 5.7 depicts the influence of filler content on tensile strength in Bm-MWCNT/DA-epoxy 

composites. The infused Bm-MWCNT significantly increased the tensile strength and elongation 

for 0.5 wt.% and 1 wt.% filler content as 49.3%, 39.5% and 70%, 33.3% respectively. This is 

referring to effective interfacial polymer/nano-filler interaction related to the unique hybrid 

structure between polymer chains and Bm-MWCNT [138]. The reduced tensile strength values for 

1.5 wt% Bm-MWCNT/DA-epoxy composites can be explained by the increased carbon nanotube 

content, which makes the composite brittle and leads to poor mechanical properties. A 

considerable effect on nanocomposite elasticity has been found by infusing Bm-MWCNT into a 

DA-epoxy matrix. The increased elasticity seen in the 0.5 wt.% and 1 wt.% Bm-MWCNT/DA-

epoxy nanocomposites is most likely due to superior filler dispersion. 

 

Figure 5.7 Tensile properties of neat and Bm-MWCNT/DA-epoxy infused polymer self-

healing composite 
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Table 5.4: Tensile characteristics of self-healing Bm-MWCNT/ DA-epoxy nanocomposite 

 

Sample Grade Tensile 

Strength 

(MPa) 

% Strain Elastic 

Modulus  

(MPa) 

35DA 2.3 ± 0.32 0.14 ± 0.037 1352 ± 136 

45DA 3.7 ± 0.29 0.25 ± 0.032 1427 ± 161 

55DA 8.5 ± 0.36 0.52± 0.035 1585 ± 187 

45DA (C~0.5) 7.1 ± 0.42 0.38 ± 0.034 1697 ± 146 

45DA (C~1.0) 11.2 ± 0.48 0.49 ± 0.031 2871 ± 193 

45DA (C~1.5) 9.4 ± 0.27 0.37 ± 0.030 2292 ± 159 

 

The fracture surfaces of composites containing Bm-MWCNT as shown in Figure 5.8, displayed a 

considerable rise in the number of river marks and the related surface roughness with increasing 

MWCNT content. With 0.5 wt.% of Bm-MWCNT, long and straight river stripes were observed 

parallel to the direction of crack growth shown in Figure 5.8 (a). At 1.0 wt.% these river stripes 

grew round-ended and shorter [139]. The rising number of river stripes approximately corresponds 

to the number of isolated, uniformly separated MWCNTs, forcing the cracks to by-pass to other 

routes. As a result, more energy dissipation through crack bridging and fracture tip bifurcation 

phenomena. Therefore, Bm-MWCNT reinforced composites attributes to the greater energy 

requirement to open cracks. However, at about 1.5 wt.% Bm-MWCNT, results in aggregation and 

the creation of pores occurred. These aggregates can operate as stress raiser, causing internal cracks 

to propagate in these materials and obstructing load transfer.  

 

Figure 5.8: Fracture morphology of Bm-MWCNT infused Tensile polymer composites 
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5.4.1.3  Tensile properties of oxidized-silanized MWCNTs infused CFRP 

composite 

The tensile characteristics of the hybrid CFRP laminates have been assessed, and characteristic 

change as a factor of oxidization duration, amine surface modification and nanofiller 

reinforcement quantity are related to pure CFRP. The obtained tensile responses are illustrated in 

Figure 5.9. The variation in stiffness among matrix, carbon fiber/epoxy matrix interphase, 

filler/matrix interface, and individual fiber stiffness are the factors responsible for the non-linear 

response of the stress/strain curve. A large portion of the applied load is initially handled by the 

matrix with excellent stiffness and minimal distortion, increasing the slope of the curve. Once the 

micro-nano crack initiation and propagation begin via the fiber/matrix interphase, the composite 

total stiffness will be reduced due to stiffness variation in the filler/matrix/fiber interphase [140].   

The tensile strength (σs), Elastic modulus (E) of the pure CFRP were 790 MPa and 15.30 GPa, 

respectively, after reinforcing with MWCNT-Pr (1.0 wt.%), they were improved to σs -1020 MPa 

and E -25.80 GPa respectively. Fractographic examinations with FE-SEM show extensive 

Intra/inter-laminar deformation; this was caused by the defect propagation and nucleation at the 

matrix/fiber junction, which enabled matrix/fiber de-bonding and ultimately resulted in fiber 

pullout [141]. By reinforcing MWCNT-Pr (1.0 wt.%) into the CFRP, reduced matrix/fiber de-

bonding and fiber pullout were observed in Figure 5.9 (d) (due to failure energy absorption at the 

interlaminar zone) from fractographic investigation compared to pure-CFRP. Still, it is insufficient 

to prevent the matrix/fiber de-bonding. This is attributed to the matrix cracking with micro crack 

development caused by the aggregated MWCNT-Pr that ultimately results in matrix/fiber de-

bonding, as seen in the FE-SEM micrograph in Figure 5.9 (f). However, the tensile strength and 

modulus were further increased to 1090 MPa and 26.20 GPa, respectively, for CFRP-Si48(1.0) 

due to the effective hybridization of matrix/fiber with silanized MWCNT, which can transfer the 

load uniformly throughout the composite.  

For CFRP-Si60(1.0), the tensile properties (σs, E) were improved to 1250 MPa and 30.60 GPa, 

respectively, concerning pure CFRP. This can be attributed to the delamination resistance offered 

by the matrix/fiber interlaminar junction by forming a significant amount of resin debris both on 

the sides and surfaces of fibers, shown by the fractographic image Figure 5.9 (e). Furthermore, 

threads are typically seen hidden by the epoxy resin matrix, emphasizing the limiting of defect 
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propagation and nucleation at the matrix/fiber junction. This is due to improved grafting of the 

special OAC-60s among sieves of CFRP interlayer laminates, which led to an effective interfacial 

connection between matrix/fibers/nano-fillers and improved the bonding strength of the CFRP 

laminate. 

 

 

Figure 5.9. (a)Tensile strength variation in CFRP composites (b) Bar graph with tensile 

strength vs. modulus with oxidizing time and filler content variation. FE-SEM micrographs 

of tensile fracture surface (c) pure carbon fiber surface (d) Fiber pullout (e) epoxy debris 

on the surface of composite (f) fiber/epoxy de-bonding (g) agglomerated MWCNT in epoxy  
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H Sharma et al. [142] prepared carbon fiber reinforced composite with Graphene oxide (GO) 

nanosheet reinforcement and reported 750 MPa tensile strength, but our work demonstrated much 

improvement in tensile strength due to MWCNTs functionalization. Furthermore, for CFRP-

Si72(1.0), the tensile strength (σs) and Elastic modulus (E) was decreased to 1120 MPa and 28.70 

GPa concerning CFRP-Si60(1.0). From the CFRP-Si72(1.0) FE-SEM micrographs, fiber pullout 

and matrix cracking were observed due to transverse agglomeration of MWCNTs and inadequate 

interfacial contact between the matrix/fibers Figure 5.9 (g). In addition to the preceding, when the 

filler percentage was increased beyond 1.5 wt.%, all the hybridized CFRP versions had decreased 

tensile characteristics due to agglomerated MWCNT. The surface morphology of CFRP-Si72 with 

excessive filler content exhibits bare fiber surfaces, minimal debris, weakly integrated bulk resin 

matrix/fibers, and aggregated MWCNTs. Even after silanization and probe sonication, the 

viscosity increase in epoxy increases the stress-raising impact in the interlaminar zone, resulting 

in diminished tensile characteristics. From the data, CFRP-Si60(1.0) exhibited superlative tensile 

properties than other composites. 

5.4.2   Flexural analysis of functionalized MWCNTs infused CFRP composite 

A three-point bend test has been carried out to examine the out-of-plane characteristics of the 

hybrid CFRP relative to pure bending conditions. The covalent bonds that form between the 

polymer and MWCNT provide more significant interfacial interaction and total exfoliation, 

significantly amplifying their impact on the characteristics of the composite. It is generally known 

that the interface between polymer matrix/fiber, depth stress gradient, and intrinsic stiffness 

significantly influences flexural characteristics. The variance in flexural graphs is shown in Figure 

5.10 (a-d). The flexural strength, flexural modulus, and work of rupture for the neat and CFRP-

Pr(1.0) are 720 MPa, 48.10 GPa, 34.23 KJ/m2 and 903 MPa, 59.45 GPa, 44.62 KJ/m2 respectively. 

These values have increased greatly by 41.1 %, 37.6 % and 37.7 %, respectively, for CFRP-Si48 

and 73.8 %, 54.4 % and 53.8 %, respectively, for CFRP-Si60 about pure-CFRP. Sanchez et al. 

[143] demonstrated the impact of CNT on CFRP flexural strength, and instead, our work highlights 

how OAC-60 has a distinctive advantage in improving flexural properties. 
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Figure 5.10. (a-b) MWCNT reinforced CFRP composite, variation in flexural strength. Bar 

graphs (c) Flexural strength and flexural modulus (d) Work of fracture (K.J./m2) 

 

Furthermore, a small decrease in properties was observed for CFRP-Si72 when compared to 

CFRP-Si60. From the above, it was evident that the difficulty of distributing nanofillers into 

polymeric matrix often poses a significant barrier to using high concentrations. Due to their 

inherent propensity to aggregate, MWCNTs. have a viable mixing weight percent of less than 

1.5 wt. %.  According to the flexural graph, the matrix containing OAC-60 can enhance the 

composite load-bearing capacity and minimize deformation at the matrix/fiber interface. As a 

result, the biggest improvement in flexural characteristics for CFRP-Si60 provides validation that 

the 60 h oxidation time followed by silanization enhances the uniform dispersion throughout 

carbon fibers and improves CFRP stiffness due to the hydrophobic nature of silane moieties. 
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5.4.3   ILSS of functionalized MWCNTs infused CFRP composite 

Interlaminar shear strength (ILSS) of the hybrid CFRP was further evaluated using the three-point 

short beam strength (S.B.S.) test to understand the impact of silanized MWCNTs on the 

delamination criteria. Shear stress in the S.B.S. test causes interlaminar shearing cracks when it 

reaches the threshold at mid-thickness. The abrupt decrease in peak load can be used to estimate 

this maximal shear stress. However, because of the unidirectional FRP's inadequate load-bearing 

capacity in the transverse direction, intense compressive stress concentration at the loading point 

might cause fiber breakage and resin micro-cracking. 

 

 

Figure 5.11. (a) S.B.S. sample load vs. displacement curves of pure and functionalized 

MWCNTs (1 wt.%)  (b) Bar graph of interlaminar shear stress with varied filler content  

(c,d) Fracture morphology of S.B.S sample  
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We examined the load-deformation curves better to comprehend the ILSS failure behavior of 

hybrid CFRP. Figure 5.11 depicts the difference in the load-deformation angle of the combination 

CFRP; at least three test samples were used for each. The ILSS graph exhibits a mixed mode of 

fracture due to repetitive rise and fall in load, predominantly caused by matrix/fiber cracking due 

to weak transverse load capacity [144]. On the other hand, all the hybrid CFRP curves exhibit a 

rapid load reduction, followed by a slow decline, which is a sign of the interlaminar mode of shear 

failure. This behavior demonstrates the benefit of every MWCNT type on crack inhibition in a 

transverse orientation [145]. The ILSS is therefore calculated based on the maximum load of the 

graphs and illustrated in Figure 5.11 (a, b); the values are reported in Table 5.5.  

The ILSS of the pure CFRP was 42.32 MPa, which is enhanced by 14.29% (48.37 MPa) for CFRP-

Pr(1.0). The CFRP-Pr may have been unable to infuse due to large-scale aggregation since they 

remained clustered at the lamina interlayers. Furthermore, the ILSS of CFRP-Si48(1.0) and 

Si60(1.0) was shown a significant improvement by 19.30% (50.49 MPa) and 28.18% (54.29 MPa), 

respectively. The ILSS strength, however, exhibits a decreasing trend due to a high silanization 

time of 72 hours and a high filler content (1.5 wt.%). The minor or lack of ILSS deterioration for 

the CFRP with OAC-60 and OAC-72 at a larger reinforcement ratio is due to the lower stress-

raising impact produced by silanization in the intra-laminar region. Pathak et al. [146] revealed 

that 0.3 weight percent of G.O. mixed with epoxy matrix increased the CFRP ILSS by about 23%. 

Our result thus exhibits a significantly better enhancement in ILSS strength than previously 

reviewed literature, which justifies a stronger interlaminar shear resistance. It is evident from the 

fractographic images of the cracked pure ILSS sample that there are numerous interlaminar shear 

cracks near the intense load and at the mid span. It is interesting to note that the macrographs of 

CFRP-Si60(1.0) show only interlaminar shear fissures towards the mid span, confirming the 

suppression of transverse damage Figure 5.11 (c, d). At the matrix/fibers intersection, we anticipate 

networks of distinct OAC-60 that responsibly increase the shear resilience by stiffness 

modification caused by the amine-based silane oligomers. The reinforced MWCNTSi (silane 

oligomers) positively impact the epoxy surface energy via H-bonding and improve wetting by 

strengthening their chemical functional group interaction with the fiber surface. 
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Table 5.5. Mechanical properties of oxidation followed by silane functionalized MWCNT 

reinforced CFRP composites 

Sample Grade Tensile 

Strength 

(MPa) 

Tensile 

Strain (%) 

Tensile 

Modulus 

(GPa) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 
(GPa) 

Work of 

Fracture 

(K.J./m2) 

ILSS (MPa) 

Pure-CFRP 790 ± 35 10.15 ± 0.67 15.30 ± 1.07 720 ± 32 48.10 ± 2.60               34.23 ± 1.20 42.32 ± 1.15 

CFRP-Pr(0.5) 940 ± 51 8.31 ± 0.69 24.27 ± 1.14 812 ± 47  54.66 ± 4.30 38.79 ± 1.40 46.27 ± 2.33 

CFRP-Pr(1.0) 1020 ± 59 9.21 ± 0.85 25.80 ± 1.63 903 ± 58 59.45 ± 4.60 44.62 ± 1.50 48.37 ± 1.76 

CFRP-Pr(1.5) 780 ± 49 8.05 ± 0.74 23.15 ± 1.82 846 ± 52 58.86 ± 3.70 39.69 ± 1.10 45.29 ± 1.85 

CFRP-Si48(0.5) 980 ± 55 7.25 ± 0.52 25.74 ± 1.02 891 ± 56 60.66 ± 3.90 42.35 ± 1.80 49.87 ± 1.93 

CFRP-Si48(1.0) 1090 ± 60 7.98 ± 0.67 26.20 ± 1.48 1016 ± 61 66.19 ± 4.10 47.14 ± 1.90 50.49 ± 2.45 

CFRP-Si48(1.5) 910 ± 57  9.95 ± 0.89 24.89 ± 1.72 902 ± 59 58.48 ± 3.20 41.66 ± 1.40 48.62 ± 1.66 

CFRP-Si60(0.5) 1050 ± 61 9.82 ± 0.91 28.63 ± 1.89 1025 ± 62 67.55 ± 5.60 48.64 ± 2.10 53.70 ± 2.05 

CFRP-Si60(1.0) 1250 ± 68  11.16 ± 1.03 30.60 ± 2.15 1252 ± 67 74.27 ± 6.20 54.85 ± 2.30 54.25 ± 3.11 

CFRP-Si60(1.5) 1010 ± 59 8.04 ± 0.75 27.24 ± 1.73 1072 ± 61 65.65 ± 4.50 47.91 ± 1.60 52.40 ± 2.10 

CFRP-Si72(0.5) 1030 ± 63 7.68 ± 0.58 26.61 ± 1.57 933 ± 60 64.45 ± 5.20 46.82 ± 1.40 50.41 ± 2.35 

CFRP-Si72(1.0) 1120 ± 65 9.34 ± 0.80 28.70 ± 1.95 1114 ± 64 68.61 ± 4.60 50.05 ± 1.80 51.94 ± 2.84 

CFRP-Si72(1.5) 980 ± 56 6.82 ± 0.63 24.90 ± 1.48 908 ± 58 63.10 ± 3.90 46.24 ± 1.20 50.15 ± 2.50 

 

5.4.4   Damping behavior of functionalized MWCNTs infused CFRP composite 

Figure 5.12 shows the vibration signals and corresponding frequency spectra of CFRP-Si60-(0.5, 

1.0, 1.5) samples. The findings reveal that the resonance frequency of CFRP was increased with 

silanized MWCNT reinforcement. This can be associated with reducing the specimen's vibrational 

response by an increase in the dissipation of vibration energy throughout the structure [147]. The 

resonant frequency of pure CFRP was lower than silanized MWCNT-infused CFRP can be 

attributed to a reduction in vibrational energy absorption. Equations (5.3) and (5.5) were used to 

calculate the CFRP's elastic modulus and damping factor using their respective frequency domain 

data. The damping factor of CFRP-Si is illustrated in Figure 5.12 (b-d). The findings demonstrate 

that the inclusion of silanized MWCNTs increases the damping factor of CFRP composite. A 

noticeable improvement in the damping factor was observed for CFRP-Si60(1.0) because of 

adequate crack energy, which improves the composite's energy absorption capability. In addition 

to MWCNT-Si wt.%, the viscoelastic properties of the epoxy resin and the interfacial connection 

between the matrix and the MWCNT-Si also affect the damping factor. In general, flaws such as 

micro voids, dislocations, and different interfaces spread during vibrations or are vulnerable to 

slippage, which promotes to dissipation of vibration energy. The lower damping factor of pure 
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CFRP, compared to MWCNT reinforced, can be attributed to CFRPs natural frequency because it 

is more significant than pure CFRPs natural frequency. 

 

Figure 5.12. Frequency domain and time domain spectrums of (a) pure and (b-d) 

functionalized MWCNT (1 wt.%) reinforced CFRP composites 

 

Table 5.6. Damping factor and elastic modulus of pure and functionalized MWCNT 

infused CFRP composite through flexural and I.E.T. test. 

Composite type Resonant 

frequency (Hz) 

Damping 

factor 

Elastic modulus (GPa) 

Through I.E.T.    Through Flexural    

Pure-CFRP 4348.15 0.0029 47.52 ± 2.15 48.10 ± 2.60 

CFRP-Si48(1.0) 4252.17 0.01324 64.82 ± 3.74 66.19 ± 4.10 

CFRP-Si60(1.0) 4150.98 0.0614 72.55 ± 5.01 74.27 ± 6.20 

CFRP-Si72(1.0) 4128.79         0.01532 64.59 ± 3.95 68.61 ± 4.60 

 

5.5 Conclusions 

The bismaliemide functionalized GNPs and MWCNTs were reinforced with various ratios as 0.5, 

1.0 and 1.5 wt.% in the self-healing polymer nanocomposite. The tensile properties and fracture 

morphology of self-healing polymer nanocomposite were evaluated and the optimum wt.% of 

reinforcement was determined. Herein, we demonstrate an effective way to produce CFRP 
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composite with amended interfacial characteristics via the incorporation of MWCNT through 

oxidation followed by silane functionalization with their exfoliation levels (0/48/60/72h). The 

surface functional elements, morphological changes, elemental groups, quantitative information, 

and thermal degradation of silane functionalized MWCNTs were characterized by FTIR, 

FESEM/HR-TEM, XRD, and TG-DTA analysis, respectively. The following conclusions are 

drawn from the current study. 

 The homogeneous dispersion pattern of GNPBm was discovered with 0.5 and 1.0 wt. % 

reinforcement in FMDA polymer composite. With 1.5 wt % GNPBm, there was little 

aggregation and porosity development was observed, leading to poor mechanical 

properties. 

 FESEM morphological images of 45FMDA (Gr-1.0) demonstrate superior dispersion 

quality and toughing mechanisms, as GNPBm arrests crack propagation and provides crack 

diversion.  

 The roughness caused by the GNPBm and epoxy's interfacial contact, which clearly 

suggests a crack deviation mechanism, leads to energy consumption. 45FMDA (Gr1.0) had 

the highest tensile strength and optimum healing percentage of 9.7 MPa and 90 % 

respectively. 

 45DA (C-1.0) nanocomposite exhibits maximum tensile strength, elastic modulus and 

optimal healing percentage of 11.2 MPa, 2871 MPa and 89% respectively. 

 The bismaleimide grafted GNP and MWCNT reinforced nanocomposite is both thermally 

stable and mechanically strong. 

 We have fabricated and characterized a hybrid CFRP composite with exfoliated MWCNTs 

through various oxidation times followed by amine functionalization as reinforcement.  

 The influence of oxidation level followed by amine-based silane functionalized MWCNTs 

(various wt.%) on the mechanical properties (tensile, flexural and ILSS) and damping 

behavior through I.E.T. was evaluated.  

 It was observed that the oxidation level significantly affected the de-aggregation of 

MWCNTs. The FE-SEM and HR-TEM analysis showed that the aggregated MWCNTs 

experienced sufficient transverse and lateral exfoliation over 60 hours of oxidation (OAC-

60) and created a 2D networked nanotube structure.  
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 The FTIR, and XRD confirm that the hydroxylic, carbocylic and carbonyl functional 

elements in OAC-60 justify the effective silane moiety grafting on the MWCNTs surface, 

which promotes uniform dispersion.  

 With the incorporation of 1 wt.% OAC-60 in CFRP laminates, using sonication and 

vacuum bagging, significant improvement in tensile strength (1250 MPa) and modulus 

(30.60 GPa) about pure-CFRP was observed.  

 The improved flexural strength (1252 MPa), modulus (74.27 GPa) and w.o.f. (54.85 GPa) 

with regard to pure CFRP was observed for CFRP-Si60(1.0) because of the high stiffness, 

load bearing capability of the composite, which resulted in less deformation at the 

fiber/matrix/filer interface.  

 The interlaminar shear response of CFRP-Si60(1.0) composite exhibited transverse 

damage inhibition because of high shear resistance induced by the hydrophobic nature of 

silane moieties.  

 The resonant frequency of CFRP-Si60(1.0) improved resulted in high damping factor 

because of increased vibrational energy absorption throughout the composite.  

 Thus, this study provides a comprehensive analysis of the OAC-60 exfoliation and 

potential usage by industries as a nanofiller reinforcement to regulate the stiffness at the 

fiber/matrix interface of CFRPs in high-performance applications. 
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This chapter discusses the effect of functionalized GNP and MWCNT concentration on the flexural 

strength recovery and self-healing efficiency of carbon fibre reinforced epoxy composite. Brief 

discussion on the damping characterization of self-healing CFRP composite have been presented 

and CFRP composite healing efficiency was compared through flexural and IET technique. 

6.1   Introduction 

Thermally reversible Diels-Alder based self-healing resin along with nano-filler infusion, has to 

be integrated with the CFRP composite to gain the advantage of high mechanical properties as 

well as high healing efficiency. At the CFRP interface, strong bonds between both the matrix and 

carbon fibers are required for an effective shearing mechanism that transfers under loading, which 

usually depends on adhesion among matrix/fiber/filler [148]. As a result, one of the most 

significant issues for researchers has been to improve the interface behavior of CFRPs. Due to 

their exceptional thermal, mechanical, and electrical qualities, graphene nanoplatelets (GNPs) and 

multiwalled carbon nanotubes (MWCNTs), grafting is the most significant and ideal option for 

innovation on the next creation of high-performance self-healing CFRP composites [149]. 

MWCNTs play a mostly dominant role in modern structural applications due to their distinctive 

mechanical characteristics, which include stiffness, strength, and toughness as well as a high 

chemical affinity towards chemical functional groups, which further modifies the MWCNT's 

surface. Additionally, even a slight change in the surroundings and the aggregation of the 

nanoparticles on the fiber surface might negatively impact the outcomes. In light of this, it has 

been demonstrated that chemical functionalization of nanofillers (via covalent attachment of 

compatibilizing functional groups) can enhance the filler uniformity and mechanical performance 

of nanocomposites, even when filler loadings are quite high [150]. 

In this research, the interfacial behavior of a self-healing CFRP composite with silane-maleimide 

functionalized MWCNTs grafting on carbon fiber surfaces was examined. In schemes 5.1 and 5.2, 

the self-healing composite preparation is illustrated. DPBMI 4,4′-methylenebis (N-

phenylmaleimide), DGEBA (epoxy resin), curing agent HY 906 (hardener), FGE-furfuryl glycidyl 

ether were utilized to synthesize self-healing (thermo-reversible) resin. In order to enhance the 

interfacial bonding between matrix and fiber in CFRPs, the carbon fiber surface has been grafted 

using silane coupling fallowed by maleimide grafted functionalized MWCNTs. As previously said, 

numerous studies have been done on the improvement of the mechanical characteristics of CFRPs 
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using techniques like grafting, sizing, and thermal treatment however, very few studies on the 

subject of modifying the matrix of CFRPs in order to strengthen the mechanical properties of the 

composite and improve the interface. By adding maleimide grafted MWCNT to the composite 

matrix, this research intends to enhance the mechanical characteristics of CFRPs, such as flexural, 

tensile, as well as their TGA thermal properties, and further promote interfacial healing abilities. 

Therefore, the current study focuses on creating MWCNTBm-reinforced carbon fiber CFRP 

composites and evaluating their capacity for self-healing (by varied wt.% of reinforcement). The 

impact of initial damage and nanoparticle content on composite flexural strength is also examined. 

The main objective of this paper is to investigate matrix/fiber/nanofillers interface junction healing 

properties of the CFRP composite before and after damage. Furthermore, it is intended to re-form 

structural stability over the CFRP interface junction of the damaged area and also examine the 

mean healing efficiency. 

6.2   Materials and Methods 

This chapter discusses functionalized MWCNTs nanofiller impact on tensile strength, flexural 

strength before and after healing, self-healing efficiency damping behavior of self-healing CFRP 

composite.  

6.2.1   Materials 

 As discussed in chapter 4 and 5, functionalized MWCNTs were used as reinforcement and healing 

agent in self-healing CFRP composite.  3-Aminopropyl Triethoxysilane-APTES, 4,4-

bismaleimide diphenylmethane (BMI/DPMBMI) were used to functionalize MWCNTs.  

Multiwall Carbon Nanotubes with diameter varying from 2 to 8 nm and length varying from 10 to 

20 μm which were used as nanofillers in epoxy. All of the compounds were analytical grade and 

did not require any further refining. Plain weave unidirectional carbon fiber with 200 GSM and 

1.82 g/cc density was used as reinforcing fibers, supplied by Composites Tomorrow India.  

6.2.2   Fabrication of functionalized MWCNTs infused self-healing CFRP 

composite 

Thermally reversible DA based self-healing resin must have balance reversible bonds (promotes 

healing) and irreversible bonds (retains strength). In order to balance both, stoichiometric ratio of 

https://www.sciencedirect.com/topics/chemistry/multi-walled-nanotube
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synthesize FGE, hardener and DGEBA epoxy resin is important. We have prepared three different 

stoichiometric self-healing resin ratios and based on the number of reversible and irreversible 

bonds generated (through differential scanning calorimetry analysis), the optimum ratio was 

selected and reinforced various wt.% of functionalized MWCNTs and finally integrated with the 

carbon fibers. Initially, 0.5 wt.% of MWCNTBm in relation to the epoxy resin was disseminated 

in the HY906 hardener by using an ultrasonic-mechanical dual mixing process. 

 
Figure 6.1. Experimental procedure of self-healing hybrid CFRP composite preparation 

 

The dual mixing process was carried out using an ultrasonic probe sonicator with 

simultaneous mechanical stimulation at 600 rpm. The ultrasonication fitted with a titanium alloy 

probe was carried at 69% amplitude for 10 s pulse on and 10 s pulse off time for 30 min. A flowing 

water chiller bath was used to keep the temperature during the dual mixing process below 50 oC. 

After dual mixing processing, 10.3 g of FGE (0.054 mol) and 12 g of DPBMI (0.027 mol) were 

added through stirring at 90 oC for 5 min. Using a high-speed mechanical stirrer, epoxy-LY556 

resin was added by ensuring 35, 45 and 55 wt.% in the compound of FGE+DPBMI+LY556 at 

1250 rpm. The resultant solution was then degassed under a vacuum for 40 minutes. Using the 

vacuum bagging process, the mixture was infused into the 8-layer stack of unidirectional carbon 

fiber mats. The MWCNTBm infused hybrid CFRP composite underwent a curing cycle of 8 h/85 



111 
 

oC, 8 h/130 oC, 8 h/85 oC at a 2 bar vacuum pressure condition using autoclave and graded as 

CFRP-45 wt.% (C-0.5). The preparation of neat and MWCNTBm infused self-healing CFRP used 

the same procedure as mentioned above. Table 6.1 includes a description of the self-healing CFRP 

composite sample codes. 

Table 6.1. Description of composite types with their respective volume fraction 

Composite type wt.% of 

DGEBA 

Volume fraction 

(%) 

 Weight Fraction of matrix in each sample 

(gms) 

Fiber Matrix Nano 

filler 

CFRP-35 35 48.30 51.1  0 (11g BMI + 9.4g FGE + 10.9g Epoxy + 19.8g 

MHHPA)            

CFRP-45 45 38.30 61.2   0 (11g BMI + 9.4g FGE + 16.7g Epoxy + 24.1g 

MHHPA)            

CFRP-55 55 22.60 77.5 0  (11g BMI + 9.4g FGE + 24.9g Epoxy + 32.2g 

MHHPA)            

CFRP-45 (C-0.5) 45 38.42 61.19 0.384  (11g BMI + 9.4g FGE + 16.7g Epoxy + 24.1g 

MHHPA)              

CFRP-45 (C-1.0) 45 38.27 60.94 0.779  (11g BMI + 9.4g FGE + 16.7g Epoxy + 24.1g 

MHHPA)               

CFRP-45 (C-1.5) 45 38.07 60.76 1.17  (11g BMI + 9.4g FGE + 16.7g Epoxy + 24.1g 

MHHPA)           

 

6.3 Mechanical, self-healing performance and damping behavior 

analysis of self-healing CFRP composite 

This section deals with the mechanical test used to assess the effect of functionalized MWCNTs 

concentration on the flexural strength recovery after fracture and self-healing performance of 

CFRP composite. The techniques used to evaluate the damping behavior self-healing CFRP 

composites are discussed. 

6.3.1   Mechanical performance evaluation 

Three-point bending tests using an AE50kN UTM were conducted in order to compare the 

mechanical performance of neat CFRP composite with functionalized MWCNT reinforced CFRP 

composite. During testing, flexural dimensions of 60 X 12 X 2.8 mm3 and 40 mm span were used. 

A 50 kN load cell and a 1 mm/min speed rate were also used. On the flexural strength of the 

composite, the impact of the original damages, the concentration of functionalized MWCNTs, and 
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the healing circumstances were assessed. Three identical samples were examined for each 

outcome, and the average was taken into account for reporting. 

6.3.2   Assessment of self-healing performance 

This section discusses the qualitative and quantitative techniques used to examine the epoxy 

system's self-healing capability. 

6.3.2.1   Qualitative self-healing performance assessment 

Utilizing a Huvitz 3D optical microscope, a qualitative investigation of the composite specimen 

with functionalized MWCNTs incorporated was made. By tapping with a sterile surgical blade, an 

artificial pre crack was generated in order to analyse the specimen's self-healing behavior. In this 

condition, the broken surfaces were kept at 85oC/2h and 130oC/2h in autoclave to perform Diels-

A and retro Diels-Alder respectively.  

6.3.2.2   Quantitative self-healing performance assessment 

TDCB specimens reinforced with functionalized MWCNTs were manufactured and tested for 

fracture toughness in accordance with the method described by White et al. [1] in order to evaluate 

the self-healing capabilities of functionalized MWCNTs impregnated epoxy composite. To assure 

crack growth along the specimen's center line, the TDCB specimen was constructed with 45o side 

grooves and a rectangular central groove.  

Pre cracks were made at the end of the central groove and then tested for failure using an AE 50kN 

UTM at a load cell of 1 kN and a crosshead speed of 0.5 mm/min in order to determine the fracture 

toughness of the virgin sample (i.e., a sample without any prior damage). The MWCNT reinforced 

TDCB specimens were loaded and evaluated until the crack propagated to 20–40 mm in order to 

determine the fracture toughness of healed samples. After reaching that crack length range, cracked 

samples were unloaded and left in the TDCB silicon moulds and exposed to heat in autoclave as 

per the curing cycle temperatures (85oC/2h and 130oC/2h) self-heal because critical load and 

fracture toughness are independent of crack length within 20 - 40 mm of crack length [151,152]. 
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6.3.3   Self-healing studies of CFRP composite 

A common damage event, such as delamination was created in the CFRP composite to test the 

self-healing capacity of the pure and MWCNTBm reinforced CFRP composite. First, pure and 

MWCNTBm grafted CFRP composite flexural samples (ASTM-D790) were tested, and the 

corresponding delamination was noted. Later on, the fractured specimen was cured at 2 h/130 oC, 

2 h/85 oC to cleave and reform the damaged area, known as healed sample. The self-healing 

efficiency (η) CFRP composite was assessed through flexural strength recovery and obtained by 

Eq. (6.1); η= 
𝜎ℎ𝑒𝑎𝑙𝑒𝑑− 𝜎𝑑𝑎𝑚𝑎𝑔𝑒𝑑

𝜎𝑣𝑖𝑟𝑔𝑖𝑛−𝜎𝑑𝑎𝑚𝑎𝑔𝑒𝑑
. 

6.3.4   Damping assessment of self-healing CFRP composite 

The damping characterization of self-healing composites is essential to understand since composite 

structures vibrate under service circumstances. Impulse excitation technique (IET) and flexural 

vibration mode are taken into consideration in order to analyze the damping behavior of self-

healing composites. 

IET, which is an ASTM E 1876-compliant non-destructive technique based on impulses, 

essentially measures the material's dynamic elastic characteristics. IET uses resonant frequency to 

determine the specimen's elastic modulus and can thus be used to describe the specimen's damping 

characteristics. The test specimen was excited and given vibrations in this test setting using an 

impulse tool (excitation unit). These vibrating signals are picked up by a microphone and sent to 

a data gathering device before being sent on to RFDA software. The software delivers the resonant 

frequency and amplitude decay constant of the observed vibrations after meeting a predetermined 

convergence condition. 

Figure 6.2 shows the experimental setup and schematics used in the current study. 

Equations (6.2) and (6.4) can be used to calculate the specimen dynamic elastic properties and 

damping factor.  

Dynamic elastic modulus (E) = 0.9465 
𝑚 𝑓𝑓

2

𝑏
(

𝐿3

𝑡3) T1 Eq.(6.2).  

For samples with L/t > 20, T1 can be figured out using  
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Eq.(6.3)  T1 = [1.000 + 6.585 (
𝑡

𝐿
)],  damping factor (𝑄−1) = 

𝐾

𝜋𝑓𝑓
 Eq.(6.4).  

The relationship between the damping ratio and the damping factor (ζ) can be given by Eq.(6.5) 

(𝑄−1) = 2ζ.   

Where m - mass of the specimen in g; b - width of the specimen in mm; t - thickness of the 

specimen in mm; L - Length of the specimen in mm; ff - resonant frequency in Hz; T1 - correction 

factor for flexural mode; Q-1 - damping factor; k - exponential decay parameter 

 

 

Figure 6.2. Impulse excitation technique setup (a) schematic view (b) Experimental setup 

(c) Flexural vibration mode 

 

6.4   Results and Discussions 

This section demonstrates the fabrication of amine-functionalized bismaleimide-grafted 

MWCNTs (with different weight ratios 0.5, 1.0, 1.5 wt.%) reinforced thermally reversible furan-

maleimide self-healing CFRP composite. The tensile behavior, fracture morphology and self-

healing assessment of polymer and CFRP composite was evaluated.   
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6.4.1   Tensile properties and fracture morphology of functionalized MWCNTs 

reinforced self-healing CFRP composite 

The self-healing CFRP with MWCNTBm reinforced composite delamination and matrix cracking 

damage assessment before and after healing was carried through flexural loading, and mechanical 

properties like tensile strength, modulus, and strain % were evaluated.  

A higher possibility of their silane/maleimide grafted MWCNT functionalization to 

improve mechanical strength, delamination resilience, and self-healing characteristics in hybrid 

CFRP composite has been theorized as a result of the large number of morphological alterations 

that were seen under high definition microscope. To verify the aforementioned, the tensile 

characteristics of the hybrid self-healing CFRP laminates have been assessed, and the change 

characteristics as a factor of maleimide functionalization preceded by filler reinforcement quantity 

are compared. The obtained tensile responses are illustrated in Figure 6.3 and the values are listed 

in Table 6.2. The variation in stiffness among matrix, carbon fiber/epoxy matrix interphase, 

filler/matrix interface, and individual fiber stiffness are the factors responsible for the non-linear 

response the of stress/strain curve, attributed to different self-healing resin fiber/volume fractions 

[144]. A large portion of the applied load is initially handled by a matrix with high stiffness and 

minimal deformation, increasing the slope of the curve. Once the micro-nano crack initiation and 

propagation begin via the fiber/matrix interphase, the composite total stiffness will be reduced due 

to stiffness variation in the filler/matrix/fiber interphase [141].   

The tensile strength (σs), Elastic modulus (E) of the CFRP-35 were 501 MPa and 8.96 GPa, 

respectively. Fractographic examinations with FE-SEM show extensive Intra/inter-laminar 

deformation; this was caused by the defect propagation and nucleation at the matrix/fiber junction, 

which enabled matrix/fiber de-bonding and ultimately resulted in fiber pullout Figure 6.3 (c). For 

CFRP-45 they were increased to 15.16% (σs -577 MPa) and 48.77% (E -13.33 GPa) respectively, 

and further improvement was observed for 55 wt.% CFRP. The increase in tensile properties is 

due to an increase in the fiber/volume fraction, which further improves the hybridization and 

improved crosslinking between the low modulus polymer thermo-reversible DA bonds and high 

modulus stable epoxy-anhydride bonds, but it is inadequate to prevent fiber de-bonding shown by 

fractographic image Figure 6.3 (d). The CFRP-45 composite grade was selected as optimum (based 
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on the DA bonds generation and moderate strength), and MWCNTBm with different wt.% was 

infused into CFRP to further improve the tensile, elastic properties and self-healing characteristics. 

 

 
 

Figure 6.3. (a,b) Tensile strength and modulus of self-healing hybrid CFRP composite with 

varied MWCNTBm wt.%. Fracture morphology of (c) CFRP-35 (d) CFRP-45 (e) CFRP 45 

(C-1.0) (f) CFRP 45 (C-1.5) (g) 
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The tensile strength and modulus for CFRP-45 (C-0.5) were further increased to 773 MPa and 

18.54 GPa, respectively, and for CFRP-45 (C-1.0), the tensile properties (σs, E) were improved to 

891 MPa and 22.63 GPa, respectively. This phenomenon can be ascribed due to sufficient 

transverse and lateral exfoliation of MWCNTBm, and also, fibers are typically found hidden by 

the epoxy matrix, emphasizing the limiting of defect propagation and nucleation at the matrix/fiber 

junction Figure 6.3 (e). Furthermore, delamination resistance was offered by the matrix/fiber 

interlaminar junction by forming a significant amount of resin debris both on the sides and surfaces 

of fibers, shown by the fractographic image Figure 6.3 (e). H Sharma et al. [142] prepared carbon 

fiber reinforced composite with Graphene oxide (GO) nanosheet reinforcement and reported 750 

MPa tensile strength, but our work demonstrated much improvement in tensile strength due to 

MWCNTs functionalization. Furthermore, CFRP-45 (C-1.5), the tensile strength (σs), and elastic 

modulus (E) were decreased to 705 MPa and 17.52 GPa. This attributes to the matrix cracking 

with micro crack development caused by the aggregated MWCNTBm in CFRP that ultimately 

results in matrix/fiber de-bonding Figure 6.3 (f). In addition to the preceding, when the filler 

percentage was increased beyond 1.5 wt.%, decreased tensile characteristics were observed due to 

filler agglomeration. From the data, CFRP-45 (C-1.0) exhibited superlative tensile characteristics 

than other composites. 

6.4.2   Self-healing assessment of polymer composite and CFRP composite 

In this section bismaleimide grafted functionalized GNPs/MWCNTs are reinforced in self-healing 

polymer composite are fabricated and characterized to know the strength before and after fracture 

and also finds the healing efficiency. After consecutive fracture on the same damaged spot how 

much the sample regaining the strength was also tested. 

6.4.2.1 Self-heling assessment of functionalized GNPs infused polymer 

composite 

A double tapered cantilever beam (TDCB) [136]   sample was used to test the fracture properties 

of polymer nanocomposites. The side groove of the TDCB shape indicates the path of fracture 

propagation across the sample's center line. Figure 6.4 shows geometry and TDCB specimen 

loading in UTM. 



118 
 

The specimen was tested to its fracture, and the uppermost strength of TDCB was measured. The 

damaged specimen was placed in a formerly made silicon mould and temperature curing according 

to TG-DSC data to test its self-healing capability. Silicone rubber flexibility allows it hold the 

fractured sample tightly in the mould while slight pressure is applied through the edges. 

 

Figure 6.4. TDCB sample loading in UTM 

The sample was exposed to a constant temperature of 130 oC for 2 h to generate r-DA bond 

reaction by separating the cross-linking chains through the composite, then cured at 80 oC for 

another 2 h to reconstitute the DA adduct by reuniting the disconnected cross-linked chains. The 

self-healing efficiency computed as follows: Eq. (6.6) Healing Efficiency = Break Load (Healed) / 

Break Load (Virgin). 

Figure 6.5(a) shows the variation of break load before, after fracture and respective healing 

efficiency of polymer nanocomposites with GNPBm reinforcement. The maximum loading values 

for virgin TDCB samples 35FMDA, 45FMDA, and 55FMDA were 105, 162, and 245 N, 

respectively, whereas it was 76, 102, and 75 N for healed TDCB samples, implying 72, 61, and 

30% healing efficiency, respectively. 

The healing efficiency decreased as the load increased due to more resin irreversibility, as 

shown in the graph. The load capacity was enhanced by 21% with 0.5 wt % (GNPBm) 

reinforcement in the epoxy matrix, and it enhanced by 30% with 1.0 wt % GNPBm. Furthermore, 

at 1.5 wt% GNPBm, aggregation was seen in the polymer nanocomposite, resulting in load 

capacity reduction. The creation of a covalent bond can promote crosslinking and make stress 



119 
 

transfer from the terminal amine/maleimide nanoparticles with the matrix (resin/hardener), 

resulting in improved healing efficiencies of 45FMDA (Gr-0.5), 45FMDA (Gr-1.0), and 45FMDA 

(Gr-1.5) which were 86, 90, and 91 percent respectively. As a result, GNPBm not only improves 

the mechanical properties but also exhibits self-healing characteristics due to its dienophile nature, 

which repairs cracks in the composite. 

 

Figure 6.5. Variation of (a) Breaking load for virgin, healed sample and Healing Efficiency 

(c) Healing Efficiency over the number of cycles on the same damaged spot 

Figure 6.5(b) shows fluctuation in healing efficiency during numerous cycles to evaluate 

multiple healing. 45FMDA (Gr-1.0) healed sample was loaded and tested up to fracture with the 

same testing conditions. This process was repeated to measure multiple times healing behavior. 

The findings reveal that a significant degree of polymer composite strength was restored even after 

three consecutive injuries, and after the fourth and fifth healing cycles, the healing efficiency 

dropped significantly. The healed samples had lower stress-at-break and lower strain-at-break than 

the original samples after the healing cycles. As a result, FMDA polymer nanocomposite therefore 

exhibits excellent mechanical and self-healing characteristics. 

6.4.2.2   Self-heling assessment of functionalized MWCNTs infused polymer 

composite 

The specimen was tested until it broke, and the highest TDCB strength was recorded. The 

fractured sample was inserted into a previously created silicon rubber mould and exposed to 130 

oC for 2 hours then cured at 85 oC for another 2 hr according TG-DSC data. At 130 oC, the cross 
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linking network structure across the composite was detached, and the DA adduct was reconstructed 

at 85 oC by reconnecting the detached cross linking chain. The healing efficiency was calculated 

using the following equation Break Load (Healed) / Break Load (Virgin) = Healing Efficiency. The 

highest load values for virgin TDCB samples 35DA, 45DA, and 55DA are 108, 165, and 249 N, 

respectively, whereas for healed TDCB samples are 76, 105, and 74 N, indicating 70, 63, and 29% 

healing efficiency. The results clearly show that as the strength increased, the healing efficiency 

reduced due to an increase in epoxy resin irreversibility, which leads to a reduction in the number 

of DA bonds formed. The Bm-MWCNT was reinforced in epoxy with varied wt % to balance both 

strength and healing efficiency. The load capacity of 45DA with 0.5wt % (Bm-MWCNT) was 

enhanced by 18% and it was improved by 32% with 1.0 wt. % reinforcement. Furthermore, 1.5 

wt.% Bm-MWCNT, aggregation in the polymer epoxy matrix was observed results in decrease in 

load capacity. Bm-MWCNT reinforced DA epoxy matrix, a higher number of DA and r-DA bond 

associations at the interface was observed and the healing efficiencies of 45DA (C-0.5), 45DA (C-

1.0), and 45DA (C-1.5) were reported as 84, 89, and 91 percent respectively. 

 

 

Figure 6.6 TDCB strength, healing efficiency of MWCNT infused self-healing 

polymer composite 

Due to the reversibility of the DA reaction, subsequent cyclic DA/rDA reactions would 

reconfigure the network structure. Figure 6.6 depicts the strength variation of the healed 

composites over five healing cycles. To assess the recovered TDCB strength of the composite, the 

healed sample was tested at the same spot and the strength was recorded. The results show that 
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even after three consecutive injuries, a reasonable amount of composite strength was regained, 

with healing efficiency of 88.9 percent, 71.1 percent, and 59.1 percent for the first, second, and 

third healing cycles respectively. After fourth and fifth healing cycle, the healing efficiency drops 

significantly, reaching 45.4 and 27.9 percent respectively. As a result, the Bm-MWCNT/DA-

epoxy composites benefit from self-healing without compromising integrity or load carrying 

ability, which makes them stand out among self-healing epoxy composites with a high self-healing 

efficiency and repeatable healing characteristic.  

6.4.2.3   Self-heling assessment of functionalized MWCNTs infused CFRP self-

healing composite 

Since composite structures are subject to the flexural type of loads under service 

conditions, it is essential to understand how the addition of MWCNTBm impacts their flexural 

strength, modulus and the healing efficiency was estimated based on the recovery in flexural 

strength after damage. The variation in flexural strength before and after healing with various 

weight percentages of MWCNTBm reinforcement was depicted in Figure 6.7 (a, b) and the values 

are listed in Table 6.2. 

 
 

Figure 6.7. Variation in flexural strength of self-healing hybrid CFRP composite  

 

The pure CFRP-45 (C-0) composite reported a flexural strength of 641 MPa and a flexural modulus 

of 34.57 GPa, and with the addition of MWCNTBm reinforcement, both flexural strength and 

modulus of the CFRP were increased. With the addition of 0.5 and 1.0 wt.% MWCNTBm to the 



122 
 

pure CFRP-45, the flexural strength and modulus was improved by 18% (751 MPa) and 38% (885 

MPa), respectively. According to the flexural graph, the matrix containing MWCNTBm (0.5, 1.0 

wt.%) has the ability to enhance the composite load-bearing capacity and minimize deformation 

at the matrix/fiber interface. Therefore, the highest improvement in flexural properties for CFRP-

45 (C-1.0) attributed to effective silane/maleimide functionalization of MWCNT, promotes the 

homogenous distribution throughout matrix/fibers and better stiffness for CFRP due to the 

hydrophobic structure of silane moieties. Pathak et al. [146] reported the impact of graphene oxide 

(GO) reinforced CFRP composite flexural properties and achieved 710 MPa flexural strength by 

reinforcing 0.3 wt.% of GO. Instead, our research highlights the uniqueness of maleimide grafted 

MWCNTs has a distinctive ability to improve flexural properties. Further, with 1.5 wt.% addition, 

the flexural strength was decreased to 684 MPa. Two key reasons, the rise in matrix viscosity and 

the aggregation of MWCNTBm, can be attributed to the decrease in flexural strength. Improved 

epoxy matrix viscosity also reduces the probability of the fibers being completely wet, which can 

lower the composite strength [153]. Modulus reduction can be attributed to poor interface between 

MWCNTBm/matrix/fiber as well as less integration of low modulus self-healing FGE resin into 

high modulus matrix. 

The healing efficiency of MWCNTBm reinforced CFRP hybrid composite obtained 

through recovery in flexural strength after damage through three-point bending test [136] are 

shown in Figure 6.8 (a,b). Matrix-micro cracking and delamination damages were developed in 

the CFRP composite after fracture, and the fractured specimens were cured according to TG-DSC 

data. The damaged specimens were cured at 130 oC for 2 h to separate crosslinking structure of 

the composite (r-DA reaction), followed by 85 oC for another 2 h to re-form the cross-linking 

structure (DA reaction), the outcome known as a healed specimen. During the healing mechanism, 

un-reacted furan moieties generated from r-DA (retro DA reaction) could interact with the 

maleimide moieties to reconstruct DA reversible bonds in the matrix/fiber/filler interfacial area. 

As a result, a new interphase among the epoxy-filler network and carbon fiber is produced in 

response to the creation of new DA adducts. The healed specimen re-tested to measure the healed 

strength under the same testing conditions. This criterion suggests that the fractured incidents were 

repaired, which resulted in the restoration of fracture resistance after healing. 
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Figure 6.8. (a) Flexural strength variation between virgin and healed sample (b) Healing 

efficiency of hybrid CFRP composite (c) Average Healing efficiency (d) Flexural sample 

prepared (e) Flexural Testing  
 

 The healed CFRP-45 sample exhibited a 37.84 % reduction in flexural strength (465 MPa) 

compared to virgin CFRP-35 and showed a healing efficiency of 72.30 %. This is attributed due 

to effective hybridization maleimide, FGE, epoxy with CFRP. The CFRP-45 (C-0.5) sample 

showed a 21.53 % reduction in flexural strength than the virgin sample and exhibited 78.47 % 

healing efficiency. It was noticed that the healed samples of MWCNTBm reinforced CFRP 

showed greater flexural strength recovery compared to pure CFRP, which confirms the effective 

healing interface between fiber/epoxy/filler and the dienophile nature of MWCNTBm which in 

turn increases the healing efficiency. The CFRP-45 (C-1.0) showed much recovery in flexural 

strength than all other grades and exhibited 82% healing efficiency. Thus, along with improved 

flexural strength, more number of DA bonds formation with MWCNTBm in the CFRP laminate 

resulted in increment in healing efficiency. This improvement in healing efficiency is due to, the 

formation of a covalent bond, which can encourage crosslinking and stress transfer between the 
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self-healing matrix and the maleimide grafted MWCNTBm. W. Zhang et al. [100] generated an 

interface between epoxy matrix and surface of carbon fibers to inhibit the self-healing 

characteristics by grafting the maleimide functional groups on the carbon fiber surface. They 

reported 80 % healing efficiency, but our work little improvement in self-healing efficiency by 

reinforcing maleimide grafted MWCNTs into CFRP. The CFRP-45 (C-1.5) sample showed a 

decreased flexural strength recovery ascribed to fiber pull-out and matrix cracking due to 

transverse accumulation of MWCNTBm and inadequate fibers/matrix interfacial contact. Flexural 

testing was repeated numerous times on the same damaged spot, the self-healing CFRP composite 

exhibited significant amount of flexural strength restoration even after three consecutive fractures, 

with a considerable healing efficiency Figure 6.8(c). After the first healing cycle the sample was 

again tested to measure the difference in flexural strength recovery for the estimation of healing 

efficiency in the second healing cycle and so on. Even after 4 consecutive healing cycles, a 

significant efficiency around 43 % was observed. Further decrease in healing efficiency attributed 

to moisture absorption at broken surface, foreign particle contamination from atmosphere, and 

degradation of DA adduct formation during curing. 

Table 6.2. Description of tensile strength, modulus and flexural strength variation before 

and after healing, along with respective healing efficiency  

Composite type Tensile 

Strength 

(MPa) 

% Strain Elastic 

Modulus  

(GPa) 

Flexural Strength 

(MPa) 

Healing 

Efficien

cy (%) Virgin Healed 

CFRP-35  501 ± 42 8.32 ± 0.69 8.96 ± 1.06 594 ± 09 382 ± 07 64 ± 6 

CFRP-45  577 ± 58 8.67± 0.71 13.33 ± 1.31 641 ± 13 465 ± 10 72 ± 4 

CFRP-55  630 ± 32 7.98± 0.53 16.05 ± 1.42 685 ± 19 315 ± 12 46 ± 2 

CFRP-45 (C~0.5) 773 ± 69 9.32 ± 0.91 18.54 ± 1.50 751 ± 15 585 ± 16 78 ± 6 

CFRP-45 (C~1.0) 891 ± 76 10.45 ± 1.01 22.63 ± 1.88 885 ± 17 726 ± 18 82 ± 4 

CFRP-45 (C~1.5) 705 ± 69 8.87 ± 0.84 17.52 ± 1.47 684 ± 12 548 ± 17 80 ± 3 

 

6.4.3   Fracture morphology analysis of self-healing CFRP composites (Flexural 

sample) 

 Figure 6.9 presents the FE-SEM fractographic images of CFRP/MWCNT hybrid 

composite fractured tensile specimens. The morphology of the broken surface of hybrid CFRP is 
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shown in Figure 6.9 (a). According to researchers [154], fracture can occur in various forms in 

CFRP composites, such as damaged fibers, fiber/matrix interface separation, delamination, and 

matrix cracks. 

 

Figure 6.9. FE-SEM fractographic images of self-healing hybrid CFRP composite flexural 

fractured samples (a-c) Pure CFRP (C-0) (d-e) CFRP-45 (C-1.0) (f) CFRP-45 (C-1.5)  
 

For CFRP-45 sample, as fractured surface, pure fibers Figure 6.9 (a-b) matrix/fiber de-

bonding, and fiber pull-out were observed in Figure 6.9 (c) due to failure energy absorption at the 

interlaminar zone. By reinforcing MWCNTBm in CFRP, reduced de-bonding was observed in 

Figure 6.9 (d). Further extensive intra/inter-laminar deformation was observed, this was caused by 

the defect propagation and nucleation at the matrix/fiber junction, which enabled matrix/fiber de-

bonding and ultimately resulted in fiber pullout. For CFRP-45 (C-1.0), delamination resistance 

offered by the matrix/fiber interlaminar junction by forming a significant amount of resin debris 

both on the sides as well as surfaces of fibers was observed, as shown by Figure 6.9 (e). 

Furthermore, fibers are typically seen hidden by the epoxy resin matrix, emphasizing the limiting 

of defect propagation and nucleation at the matrix/fiber junction. This is due to improved grafting 

of the silane/MWCNTBm among sieves of CFRP interlayer laminates, which led to an effective 

interfacial connection between matrix/fibers/nano-fillers and improved the bonding strength of the 

CFRP laminate. From the CFRP-45 (C-1.5) micrographs, fiber matrix separation and matrix 

cracking were observed due to agglomeration of MWCNTBm and inadequate interfacial contact 
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between the matrix/fibers/filler Figure 6.9 (f). The surface morphology with greater filler content 

exhibits bare fiber surfaces with minimal epoxy debris and weakly integrated bulk epoxy 

matrix/fibers with aggregated MWCNTBms. 

6.4.4   CFRP composite healing efficiency comparison through IET and 

Flexural testing 

 Figure 6.10 shows the sample’s vibration signals and corresponding frequency spectra of 

CFRP-45 wt.% (C-0.5, 1.0, 1.5). The findings reveal that the resonance frequency of CFRP was 

increased with silane/maleimide grafted MWCNT reinforcement. This can be associated with 

reducing the specimen vibrational response by an increase in the dissipation of vibration energy 

throughout the structure [155]. The resonant frequency of pure CFRP was lower than 

MWCNTBm-infused CFRP can be attributed to a reduction in vibrational energy absorption. 

Equations (6.2) and (6.5) were used to calculate the CFRP elastic modulus and damping factor 

using their respective frequency domain data.  

 
Figure 6.10. Frequency and time domain spectra of MWCNTBm reinforced self-healing 

CFRP composite of (a,c,e) virgin and (b,d,f) healed samples of MWCNTBm (0.5, 1.0, and 1.5 

wt.%) CFRP composites respectively 
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Figure 6.11. Elastic modulus recovery of virgin and healed samples through (a) IET 

technique and (b) flexural test 

 

The vibration signal, corresponding resonant frequency and elastic modulus recovery are 

illustrated in Table 6.3. The findings demonstrate a noticeable improvement in the damping factor 

with the infusion of MWCNTBm, improving the composite energy absorption capability. In 

addition to MWCNTBm wt.%, the viscoelastic properties of the epoxy resin and the interfacial 

connection between the matrix/MWCNTBm also affect the damping factor. In general, flaws such 

as micro voids, and different interfaces spread during vibrations or are vulnerable to slippage, 

which promotes dissipating vibration energy. The lower damping factor of pure CFRP in 

comparison to MWCNTBm can be attributed to CFRPs natural frequency because it is greater than 

pure CFRPs natural frequency. 

 

Table 6.3. Description of composite resonant frequency, damping factor and elastic 

modulus (through IET and flexural test) before and after healing 
 

Composite type Resonant 

frequency (Hz) 

(B.H)          (A.H) 

Damping factor 

(B.H)        (A. H) 

Elastic modulus (GPa) 

Through IET                          Through Flexural 

(B.H)              (A.H)             (B.H)            (A.H)      
 

CFRP-45 (C~ 0) 4348.15    4043.64 0.0029      0.00335 36.14±2.15    23.73±1.95 37.57±2.6      24.04 ± 1.9 

CFRP-45 (C~0.5) 4230.98    3942.32 0.01324    0.01128 43.31±3.74    30.18±2.34 45.27 ± 2.7   32.41± 2.3 

CFRP-45 (C~1.0) 4086.17    3918.83 0.06148    0.01326 53.21 ±4.01    42.40±3.51 54.61 ± 3.4    44.52±3.1 

CFRP-45 (C~1.5) 4118.9      4105.8 0.01534    0.01326 40.41±3.95     29.52±2.98 42.70 ± 2.9   31.42± 2.1 

 

 



128 
 

6.5   Conclusions 

In this chapter, we have fabricated and characterized thermally remendable self-healing CFRP 

laminate composite through Diels-Alder cycloaddition. The influence of chemical 

functionalization (oxidation followed by silane/maleimide grafting) of MWCNTs as reinforcement 

in CFRP composite and the impact on mechanical, damping, and self-healing characteristics were 

evaluated.  

 It was observed that the oxidation significantly affected the de-aggregation of MWCNTs 

as per HR-TEM and FE-SEM micrographs, and observed that MWCNTs experienced 

sufficient lateral and transverse exfoliation over 60 hours of oxidation.  

 The characterization data of FTIR and NMR demonstrates the furan/oxirane ring presence 

in synthesized FGE. The chemical functionalization (oxidation 60 h and APTES 

silanization) followed by effective maleimide grafting on the surface of MWCNT was 

confirmed through XRD, FTIR, and TG-DTA data.  

 According to TG-DSC data, the maximum number of DA/rDA bonds association (specific 

enthalpy 12.92 J/g) was observed for CFRP-45 (C-1.0). The impact of MWCNTBm 

percentage on the tensile strength and modulus of hybrid self-healing CFRP laminate was 

examined by reinforcing various wt.% (0.5,1.0 and 1.5) and found that CFRP-45 (C-1.0) 

tensile strength and modulus were increased to 891 MPa and 22.63 GPa respectively with 

regard to CFRP-45.  

 Further, small aggregation was observed in 45 wt.%(C-1.5), resulting in decreased tensile 

properties. The healing efficiency of hybrid CFRP laminate was evaluated through flexural 

strength regaining, and it was found that the infused MWCNTBm not only improved the 

mechanical properties but also promoted healing efficiency, which confirms its dienophile 

nature.  

 The CFRP-45 (C-1.0) exhibited high healing efficiency of 82 % than other grades because 

of the high stiffness, hydrophobic nature of silane/maleimide moieties, and high load-

bearing capability of composite, which resulted in less deformation at fiber/filler/matrix 

interface.  

 The resonant frequency of CFRP-45 (C-1.0) was improved, resulting in a high damping 

factor because of increased vibrational energy absorption throughout the composite.  
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 The fractographic investigation of damaged MWCNTBm infused CFRP-45 (C-1.0) 

composite exhibited reduced fiber/matrix delamination and de-bonding mechanism.  

 Thus this work demonstrates the stiffness enhancement at the matrix/fiber/nanofiller 

interface of CFRPs and the healing behavior of MWCNTBm infused CFRP composite in 

a high performance application. 
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7.1   Conclusions 

Restoration of the structural integrity of damaged CFRP composite through thermally reversible 

Diels-Alder bonds with the exact interface between matrix/fiber is extremely desirable for 

manufacturing high-performance self-healing laminates. This work demonstrates the fabrication 

of amine-functionalized maleimide-grafted GNP and MWCNT (with different weight ratios 0.5, 

1.0, 1.5 wt.%) reinforced thermally reversible furan-maleimide self-healing polymer and CFRP 

composite. In evaluating high-performance GNPs and MWCNTs based carbon fiber composite, 

effective chemical functionalization of fillers for sufficient exfoliation and precise interface 

interactions with resin matrix are challenging to attain due to significant interlayer cohesive energy 

and inactive surfaces of composite. Herein, we demonstrate an effective way to produce CFRP 

composite with amended interfacial characteristics via the incorporation of MWCNT through 

oxidation followed by silane functionalization with their exfoliation levels(0/48/60/72h). The main 

objective of this work is to investigate matrix/fiber/nanofillers interface junction healing properties 

of the CFRP composite before and after damage. Furthermore, it is intended to re-form structural 

stability over the CFRP interface junction of the damaged area and also examine the mean healing 

efficiency. Further, the damping characteristics of CFRP were investigated using the impulse 

excitation technique (I.E.T.). This article aims to produce the most durable hybrid self-healing 

CFRP composite and analyze the mechanical and damping behavior based on different oxidation 

times followed by amine functionalization and maleimide grafting. 

 Optimum stoichiometric ratio of self-healing resin: 

o 12 g BMI (0.027 mol) + 10.3 g FGE (0.054 mol) mixed at 90 oC about 5 minutes.  

o With mechanical stirring, 15.21 g DGEBA (45 wt. % in BMI, FGE and DGEBA 

 compound) was added to the resultant solution and cured using MHHPA. 

o Curing condition, Autoclave - 85 oC / 8 h, 130 oC / 8 h, and 85 oC / 8 h.  

o Healing condition, Autoclave - 130 oC / 2 h, and 85 oC / 2 h 

  The characterization data of 1H NMR, 13C NMR successfully demonstrates the interaction 

of      furan and oxirane rings in synthesized FGE. TG-DSC data reveals a maximum 

enthalpy release of 8.16 J/g for 45DA due to superior DA-rDA bond formations.  
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 It was observed that the oxidation level significantly affected the de-aggregation of 

MWCNTs. The FE-SEM and HR-TEM analysis showed that the aggregated MWCNTs 

experienced sufficient transverse and lateral exfoliation over 60 hours of oxidation (OAC-

60) and created a 2D networked structure.  

 From the XRD data the mean crystalline size of the functionalized GNPs and MWCNTs 

was found to be 18.8 and 4.17 nm respectively and well confined with data in JCPDS file 

No (75-2078) and (41-1487) respectively. The EDX data supports the uniform adhesion of 

silane oligomers (O-H, C=O and COOH) to GNPs and MWCNTs surfaces.  

 The DTA curves demonstrate that, for 60 h oxidation, the temperature associated with the 

maximal degradation rate is higher as a result of the stronger covalent connections between 

the silane moiety and GNP and MWCNT surface. 

 Three new characteristic peaks were observed at 1047, 1019, 805 cm-1 attributes to 

asymmetric stretching of (Si-O-Si), deformation stretching of (Si-O-C) and (Si-OH) 

respectively confirms the effective silanization and 1140 cm-1 and 1450 cm-1 confirms the 

effective C-N-C group of bismaleimide functionalization according to FTIR spectra. 

 The functionalized GNP and MWCNT is not only thermally stable and mechanically 

strong, but it also exhibits self-healing properties due to its dienophile nature.  

 The homogeneous dispersion pattern of GNPBm was discovered with 0.5 and 1.0 wt % 

reinforcement and 1.5 wt. % GNPBm, there was little aggregation and porosity 

development was observed, leading to poor mechanical properties. 

 FESEM morphological images of 45FMDA (Gr-1.0) demonstrate superior dispersion 

quality and toughing mechanisms, as GNPBm arrests crack propagation and provides crack 

diversion and the highest tensile strength and optimum healing percentage of 9.7 MPa and 

90 % respectively was observed. 

 Furthermore, 45DA (C-1.0) nanocomposite exhibits maximum tensile strength, elastic 

modulus and optimal healing percentage of 11.2 MPa, 2871 MPa and 89% respectively. 
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 With the incorporation of 1 wt.% OAC-60 in CFRP laminates, using sonication and 

vacuum bagging, significant improvement in tensile strength (1250 MPa) and modulus 

(30.60 GPa) about pure-CFRP was observed.  

 The improved flexural strength (1252 MPa), modulus (74.27 GPa) and w.o.f. (54.85 GPa) 

with regard to pure CFRP was observed for CFRP-Si60(1.0) because of the high stiffness, 

load bearing capability of the composite, which resulted in less deformation at the 

fiber/matrix/filer interface.  

 According to TG-DSC data, the maximum number of DA/rDA bonds association (specific 

enthalpy 12.92 J/g) was observed for CFRP-45 (C-1.0). The impact of MWCNTBm on 

mechanical performance of hybrid self-healing CFRP laminate was examined by 

reinforcing various wt.% (0.5,1.0 and 1.5) and found that CFRP-45 (C-1.0) tensile strength 

and modulus were increased to 891 MPa, 22.63 GPa respectively with regard to CFRP-45.  

 Further, small aggregation was observed in 45 wt.%(C-1.5), resulting in decreased tensile 

properties. The healing efficiency of hybrid CFRP laminate was evaluated through flexural 

strength regaining, and it was found that the infused MWCNTBm not only improved the 

mechanical properties but also promoted healing efficiency, which confirms its dienophile 

nature.  

 The CFRP-45 (C-1.0) exhibited high healing efficiency of 82 % than other grades because 

of the high stiffness, hydrophobic nature of silane/maleimide moieties, and high load-

bearing capability of composite, which resulted in less deformation at fiber/filler/matrix 

interface.  

 1.0 wt.% of MWCNTs filler concentration and 85oC/8 h, 130oC/8 h, and 85oC /8 h +2 bar 

healing condition are recommended to fabricate self-healing CFRP composite.  

 The resonant frequency of CFRP-45 (C-1.0) was improved, resulting in a high damping 

factor because of increased vibrational energy absorption throughout the composite.  

 The fractographic investigation of damaged MWCNTBm infused CFRP-45 (C-1.0) 

composite exhibited reduced fiber/matrix delamination and de-bonding mechanism.  

 Thus this work demonstrates the stiffness enhancement at the matrix/fiber/nanofiller 

interface of CFRPs and the healing behavior of MWCNTBm infused CFRP composite in 

a high performance application. 
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7.2 Future scope 

Even though the current study addressed several basic issues with the manufacturing and 

evaluation of self-healing capabilities in polymer composites, there is still much room for 

improvement. The factors listed below can be taken into account for future research. 

 The combination of thermally reversible and microencapsulation-based self-healing CFRP 

composite fabrication 

 Fatigue analysis of self-healing CFRP composites 

 In the present study developed functionalized GNPs and MWCNTs are used to address 

structural integrity. However, developed functionalized GNPs and MWCNTs based system 

can be employed in other applications such as smart adhesive systems. 

 Functionalized GNPs and MWCNTs reinforced CFRP can be evaluated for self-healing 

performance in various modes of fracture based on fracture toughness recovery 

 Functionalized GNPs and MWCNTs reinforced epoxy and CFRP composite can be 

modelled and evaluated for optimum reinforcement wt.%, healing conditions and 

maximum healing efficiency at various environmental conditions. 

 Machine learning approaches like data augmentation through ANN can be employed to 

predict the data at the nano level by taking a 1 % standard deviation   
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