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ABSTRACT 

 

 

A new method for self-healing is developed by incorporating graphene nanoparticles into 

the microcapsules to improve the healing efficiency after initial failure and to extend the service 

life of a composite. Graphene is used for this study because of its single atomic layer structure and 

excellent physical properties. The microcapsules were characterized using scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier transform infrared 

spectroscopy (FTIR), Raman spectroscopy, differential scanning calorimetry (DSC), and dynamic 

mechanical analysis (DMA) to confirm the encapsulation of nanoparticles along with the healing 

agent. Finite element analysis (FEA) models for the microcapsules were developed to determine 

the optimum physical characteristics of the capsules. FEA models using cohesive element 

technology were also developed for the mode 1 critical energy release rate (G1C) test of the 

composites. The models were validated by experimental testing results. After the first failure, the 

elastic properties of self-healing microcapsules were incorporated into the model. Analysis results 

suggest that 20% of the load-carrying capability can be recovered for dicyclopentadiene (DCPD) 

capsules and by 42% when graphene microcapsules were used. Furthermore, four-point bend test 

coupons were fabricated and tested for their interlaminar tensile (ILT) strength, the objective here 

to suppress failure due to free-edge effects. This was achieved by using metal clamps, wrapping, 

and self-healing methods. FEA models developed for ILT strength measurements correlated to the 

mechanical test results. These models were used to simulate the performance of self-healing 

capsules under four-point bending. Results suggested that 43% ILT strength could be recovered 

for self-healing capsules without nanoparticles, and 79% ILT strength could be recovered for self-

healing capsules with graphene.  
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CHAPTER 1 

LITERATURE REVIEW 

 

1.1 Introduction to Composites  

A composite is a combination of two or more materials with different properties to form a 

new engineered material with superior properties. The composites industry has been in the market 

since the 1940s, and wood and plastic composites were among the first used for boat manufacturing 

[1]. The 1950s brought about noticeable development and growth in composite materials, during 

which time they started to appear in aircraft. Throughout this period, glass fibers were developed 

and used in the manufacture of automobiles, boats, and some aircraft parts. The manufacturing 

techniques of today were mostly developed in the 1950s. In subsequent years, more advanced 

fibers, such as carbon and Kevlar, along with many other resin systems were developed [2]. Glass-

fiber composites are the most common composite materials used today. In the 1950s, the Boeing 

707 was manufactured with 2% composite material, mainly composed of glass fiber-reinforced 

composites. The F-14 military aircraft was one of the first to use horizontal stabilizers 

manufactured from boron fiber composites [1]. The use of composite materials for primary aircraft 

applications has been maximized in the recently manufactured Boeing 787, which is comprised of 

more than 50% composite structures. 

After their invention, the incorporation of carbon fibers with an epoxy matrix was 

extensively used in primary aircraft structures [1]. Because these fibers have high stiffness and 

strength, most of the reinforcements used in manufacturing a composite laminate are in fibrous 

form [1].  Because of their high aspect ratio, load applied to the fibers can be transferred through 

a relatively weak matrix material without inducing matrix failure [1]. These fibers have a small 

diameter, so they are highly flexible, which makes it possible to adopt various techniques to 
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manufacture composite laminates [1]. Carbon fibers embedded in epoxy matrix are increasingly 

used for primary aircraft applications because of their long fatigue life, corrosion resistance, and 

high strength-to-density ratio and high stiffness-to-density ratio [3]. Composite laminates consist 

of multiple layers of continuous carbon fibers with different orientations. Composites are being 

widely used for primary aircraft structures because of the ability to tailor make them for strength 

and stiffness properties [4-8]. One of the major drawbacks of composite materials is that they fail 

without prior warning, unlike metals and polymers [2].  

Another drawback of composites is that there is little reinforcement in their thickness 

direction, and they can fail due to delamination within the panel, thus resulting in the composite’s 

loss of strength and stiffness [2]. This phenomenon also affects the fatigue life of composite 

structures. Delamination in a composite structure through the thickness direction causes it to fail 

almost instantaneously, thus making it one of the major catastrophic failure modes of the 

composite structure [9].  

Predicting failure modes is very important in evaluating the structural integrity of 

laminated composites. Even though composites have a few drawbacks, because of the above-

mentioned properties, they are the most preferred materials for manufacturing aircraft, 

automobiles, wind turbines, and sporting goods. Based on the different matrix systems and 

reinforcements, composite materials can be classified into different categories. Figures 1.1 and 1.2 

show the various composite material classifications, depending upon the matrix and reinforcement 

materials used in their manufacture [4]. 
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Figure 1.1. Classification of composite materials based on matrix [4]. 

 

Figure 1.2. Classification of composite materials based on reinforcement [4]. 

1.1.2 Applications of Composites 

The use of composite materials for various purposes is increasing day by day. It has been 

estimated that in the year 2000, global composite materials had an output of 7 million tons and 

might have reached 10 million tons by the year 2006 [4]. Table 1.1 shows the general applications 



4 

of composites. Of the different composite materials shown in Figures 1.1 and 1.2, polymer matrix 

composites are the most commonly used because of their availability and manufacturability [9]. 

Of the polymer matrix composites, thermoset composite materials comprise more than two-thirds 

of all composite materials being manufactured and used worldwide. However, recently, 

thermoplastic composites have been gaining popularity because of their high strength and stiffness. 

They also limit the amount of water absorption and can be operable at high temperatures when 

compared to thermoset composites [10-13].  

TABLE 1.1 

APPLICATIONS OF POLYMERIC COMPOSITES IN VARIOUS INDUSTRIES [4] 

Industry Major Applications 

Automobile Brakes, tires, paint, frames, engine supports 

Aerospace 
Fuel tanks, space structures, satellite antennas, rocket motor cases, nose cones, 

launch tubes 

Energy Wind turbines, solar and fuel cells, hydroelectric power stations 

Aircraft 
Fuselages, fairings, access doors, floor beams, wings and tails, helicopter 

blades, radomes, gear supports, interior panels 

Chemical Pipes, tanks, pressure vessels, hoppers, valves, pumps, impellers 

Construction Bridges, handrails, homes, cables, frames, rail rods, highways 

Leisure Racquets, ski poles, golf clubs, helmets, fishing rods, bicycle frames 

Marine Hulls, decks, masts, engine shrouds 

Medical Prostheses, wheel chairs, orthofixes, medical equipment, medicines 

Military Fighter jets, planors, armor vehicles, missiles, other defense applications 

Other 
Various parts, devices and tools for industries, packaging, electronics, 

computers, telecommunication devices 

 

Of the total composite materials produced globally, the automotive industry uses 30% and 

the aircraft industry uses about 20%, making them the two main industries using composite 

materials extensively [4]. The Airbus A350 claims to have 53% of its structure made from 

composite materials. The sports industry, shipbuilding industry, and wind turbine rotor blades also 
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include composite materials. Table 1.2 provides the weight percentage of composites used in the 

manufacturing of different aircraft.  

TABLE 1.2 

COMPOSITE MATERIAL WEIGHT PERCENTAGES USED IN AIRCRAFT [4] 

Aircraft 

Model 

Composites 

Use (wt%) 
Composite Applications 

A300 4.5 Rudders, radomes, fairings 

A310 6 Vertical tail fin, airbrakes, spoilers, elevators 

A320 10 
Tail structures, fairings, leading and trailing edges, bottom 

panels 

A340 13 
Horizontal stabilizers, rear pressure bulkheads, keel beams, 

fixed leading edges 

A380 25 

Glare in front fairings, upper fuselages, tail surfaces, crown and 

side panels, doors, carbon and glass fiber-reinforced plastics in 

wings, honeycomb panels in belly fairings 

A350 53 
Carbon composite wings, fuselages, skins, frames, keel beams, 

rear fuselages, horizontal and vertical tail planes 

B777 10 

Full composite empennages, fairings, floor beams, wing trailing 

edge surfaces, gear doors, horizontal and vertical stabilizers, 

elevators, rudders 

B787 50 Fuselages, wing boxes, engine fans, blades, casings 

 

Since the automobile industry is concentrating on weight savings to increase fuel 

efficiency, different parts of a car, such as the body, hood, interior, and chassis, are being made of 

composites [9]. Countries use varying amounts of composite materials for their own purposes. In 

Europe, Germany uses the highest percentage (28%), followed by Italy and France. This is due to 

the various car and aircraft manufacturing industries in those countries [4]. Figure 1.3 shows the 

market share of composites used in different European countries. 
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Figure 1.3. Market share of composites used in different European countries [4]. 

1.2 Self-Healing 

The concept of self-healing has been inspired by biological systems where the healing of 

damage occurs naturally. Self-healing polymers trigger automatic healing when damage occurs in 

a composite laminate. This emerging field of study would increase the service life of various 

composite materials being used in structural and non-structural applications. A composite material 

has fibers in the form of reinforcements and a resin matrix that acts as a load carrier from one 

matrix layer to the other. The fiber reinforcements can be carbon, glass, or Kevlar, and they are 

used in various structural and non-structural applications in industries such as aircraft, automobile, 

construction, marine, sporting goods, etc. During the service life of a composite, it is exposed to 

various loading conditions that can cause a crack to develop in the brittle matrix material. This 

microcrack grows under constant loading and will result in the catastrophic failure of the 

composite. The brittle matrix material is also susceptible to damage as the result of the earth’s 

gravitational pull, as in the case of wind turbine blades, and various thermal, chemical, and 

environmental factors [14]. This leads to the development of nano- and microscale cracks that are 
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difficult to detect and eventually result in the composite’s failure. It has been reported that the 

damage in the matrix affects the tensile strength of a composite. This is due to damage in the matrix 

material that causes redistribution of loads to adjacent plies [15]. It has also been validated that 

compression strength, which is a matrix-dominated property, is also significantly affected by the 

presence of cracks in the matrix material [16, 17]. Cracking in the matrix also causes the composite 

laminates to fail under shear and impact loading. The failure here results from delamination 

between the composite layers. Because polymer composites are being used extensively in various 

industries since their introduction in the 1950s, various methods have been developed and 

introduced in an effort to repair damage caused under various loading conditions. These methods, 

however, are not effective to repair the nano- and microscale cracks, which are invisible and 

present throughout the cross section of the composites. These cracks also develop because of 

internal stresses that occur during the manufacture of composite materials.  

Self-healing materials have the capability to recover or improve the load-carrying 

capability of the composite laminate after damage, thus increasing its service life and preventing 

catastrophic failure. This phenomenon can occur automatically or can be stimulated by the 

application of radiation or heat, depending upon the self-healing polymer that is being used. 

Ideally, self-healing material is one that continually detects and repairs damage, thus restoring the 

composite’s mechanical properties. At the same time, self-healing materials should not have an 

adverse effect on the initial mechanical properties of the composite laminate, as this would increase 

the service life of the composite, which in turn makes it safer while keeping costs down. This 

enables the safe use of composite materials in more demanding critical structural applications. 

Usually healing of a material refers to the recovery of various mechanical properties, mainly 

fracture toughness of the composite material. Wool and Conner [27] have proposed a method to 
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determine the healing extent for various mechanical properties of materials. This has become the 

basis on which the healing efficiencies for various strength characteristics can be determined, 

depending on various self-healing polymers. Equations (1.1) and (1.2) show calculations for the 

strength recovery ratios for stress and strain values, and equation (1.3) shows the formula for 

calculating healing efficiencies [18].  

 𝑅 (𝜎) =
𝜎 ℎ𝑒𝑎𝑙𝑒𝑑

𝜎 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (1.1) 

 𝑅 (𝜀) =
𝜀 ℎ𝑒𝑎𝑙𝑒𝑑

𝜀 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (1.2) 

 𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 100 𝑥 
𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑉𝑎𝑙𝑢𝑒 𝐻𝑒𝑎𝑙𝑒𝑑

𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑉𝑎𝑙𝑢𝑒 𝐼𝑛𝑖𝑡𝑖𝑎𝑙
 (1.3) 

Fracture mechanics is a field of study that relates to the propagation of cracks in materials. 

It predicts the macroscopic behavior of a crack by taking into account the stress and strain rates at 

its front. In addition to environmental factors, fatigue and impact damages are significant in 

predicting the service life of a composite for structural applications [19]. The mechanics of crack 

propagation for these properties has been extensively investigated. For crack propagation to occur, 

the energy released during cracking should be greater than or equal to the energy required to form 

new surfaces on the material [20]. Crack propagation is modeled based on the stress intensity factor 

(KI) [21, 22]. In mode 1 (G1C) failure, crack growth is dependent upon crack geometry, crack 

depth, and stress being applied. Figure 1.4 shows the crack opening in mode 1. 

As the stress increases on the specimen, a critical stress intensity factor is reached at the 

crack front, which results in crack growth. Retardation of the crack growth occurs when the energy 

released is dissipated within the material without extending to an existing crack. This can be 

achieved using an appropriate monomer along with a curing agent [23, 24], different curing 
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components, and additives [25-27]. The above-mentioned approaches are used to prevent crack 

growth intrinsically and also increase the initial mechanical properties of the specimen as opposed 

to repairing the damaged components.  

 

Figure 1.4. Crack opening in G1C mode 1 failure [27]. 

1.2.1 Microencapsulation  

Thermoset resin systems have better thermal and physical properties than thermoplastic 

resins because of the cross linking in their molecular structure. Once the thermoset resin is cured, 

it cannot be remolded. Because of their physical and mechanical properties, thermoset resins have 

found their applications in aerospace and wind turbine industries. Therefore, it is important to 

prevent the growth of nano- and microscopic cracks within the composite material. The 

development of self-healing materials has followed a different path when compared to 

thermoplastic resins because of their different molecular structure. The self-healing of thermosets 

involves incorporating a low-viscosity polymer into the resin system during the manufacturing 

process of the composite. The polymer for self-healing is stored inside hollow fibers or in 

microspheres. As the crack starts to propagate, it breaks open the hollow fibers and the 

microcapsules. The low-viscosity healing agent then flows into the crack front and reacts with the 

surrounding polymer or catalyst, thus causing it to crystallize. This phenomenon seals the crack 

front and prevents further crack growth. Healing efficiencies depend upon the location and nature 

of the damage, type of self-healing resin and catalyst, and operational environment. 
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The microencapsulation approach for self-healing has been studied extensively in recent 

years. Here, dicyclopentadiene (DCPD) polymer is encapsulated in a urea and formaldehyde shell. 

Along with the microcapsules, a catalyst is also dispersed in the matrix system. As the crack starts 

to propagate, it ruptures the microcapsules and DCPD flows into the crack front. When this 

polymer comes in contact with the catalyst, it polymerizes, a phenomenon referred to as ring-

opening metathesis polymerization. Figure 1.5 shows the self-healing concept using 

microcapsules. 

 

Figure 1.5. Self-healing using microcapsules [28]. 

This method is more efficient than other self-healing techniques because it alleviates 

various manufacturing issues by directly incorporating the capsules into the matrix. This method 
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can also be extended to other brittle materials like ceramics and glass [22]. Kumar et al. 

manufactured self-healing microcapsules with a diameter of 60–150 µm for the production of self-

healing coating systems. These coating systems have been used to prevent the lead dust from 

reaching the underlying substrate. 

1.2.2 Manufacturing and Characterization  

Ring-opening metathesis polymerization of dicyclopentadiene with Grubbs catalyst has 

been researched extensively for the purpose of self-healing and its use has been reported [22, 29-

31]. This method provides various advantages. In addition to forming a tough and highly cross-

linked polymer, it has a long shelf life and low shrinkage upon polymerization [22]. The monomer 

also has low volatility and viscosity, thus making it easy to flow into a crack front. Polymerization 

occurs at ambient temperatures and pressures within a few minutes after the monomer comes in 

contact with the catalyst [22]. For self-healing to occur, the monomer or the catalyst must be 

encapsulated to prevent premature cross-linking. Thus a self-healing system should be 

encapsulated, stable, and reactive over the service life of the composite, and should polymerize 

immediately in case of damage. Also, microcapsules should possess enough strength to survive 

the manufacturing process of the composite but be able to rupture when the crack propagates and 

release the healing agent into the crack front. And the constituent elements of microcapsules must 

not cause damage to the virgin properties of the resin system. Brown et al. [29] performed 

experiments to encapsulate DCPD in urea and formaldehyde shells using an oil-in-water emulsion. 

They also studied the influence of various process parameters such as the agitation rates, pH of the 

solution, and temperatures on the diameter, shell-wall thickness, and surface morphology of the 

urea-formaldehyde (UF) self-healing capsules. It has been reported that agitation rates between 

200 and 2000 rpm produced microcapsules with diameters between 10 and 1000 µm. The diameter 
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of the microcapsules was reduced with the increase in agitation rates. Scanning electron 

microscopy (SEM) analysis has revealed that the shell-wall thickness was between 160 and 220 

nm and is independent of the manufacturing parameters. Brown et al. [32] also reported that the 

microcapsules with shell-wall thickness between 160 and 220 nm survived the manufacturing 

process of the composite laminate without rupture. It has also been observed that during the 

encapsulation process, UF nanoparticles were deposited on the outer surface of the microcapsules, 

thereby giving it a rough appearance. The rough surface of the microcapsules would also increase 

adhesion with the resin system. It was observed that after 30 days UF shell. Figure 1.6 shows the 

steps involved in the manufacturing process of UF microcapsules. 

 

 

 

 

 

 

  

 

  

 

Figure 1.6. Steps in manufacturing urea-formaldehyde microcapsules. 

Differential scanning calorimetry (DSC) analysis was performed to determine the thermal 

stability of the dicyclopentadiene and Grubbs catalyst system. It has been observed that Grubbs 

catalyst decomposed at a temperature of 1200C [33] and the dicyclopentadiene encapsulated in 
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urea and formaldehyde decomposed at a temperature more that 1700C [34], indicating that this 

system might not be suitable for high temperature applications. Grubbs catalyst is a fine powder 

and has a tendency to agglomerate.  

The healing efficiency depends upon the availability of the catalyst in the resin system, 

particle size of the catalyst, type of resin and hardener, and amount of catalyst. It has also been 

reported that the highest healing efficiencies were obtained with a catalyst particle size between 

180 and 355 µm. The smaller particles of the catalyst were susceptible to deactivation when in 

contact with the amine curing agent in the matrix [35-38].  

Moore et al. [31] performed experiments to encapsulate the Grubbs catalyst in wax-

protected microspheres with diameters between 50 and 150 µm, and nuclear magnetic resonance 

analysis confirmed the presence of the catalyst in the microspheres. It was also reported that the 

catalyst retained 69% of its reactivity [31] and that the dispersion of the catalyst was more uniform 

in the resin matrix. Figure 1.7 shows the manufacturing process of wax-protected catalyst 

microspheres. 

DCPD requires large quantities of catalyst to polymerize, and it has a lower melting point. 

To overcome these challenges, 5-ethylidene-2-norbornene (ENB) was used as a healing agent. 

Again, this was encapsulated in urea and formaldehyde using the above-mentioned process [40]. 

However, it was determined that DCPD was capable of forming a highly cross-linked structure 

with increased toughness in comparison to ENB.  
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Figure 1.7. Steps in manufacturing wax-protected microspheres. 

Jung [39] used polyoxymethylene urea as the material to form the shell wall. It is reported 

that this would have little practical application because of the limited shelf life of the constituent 

elements. SEM analysis confirmed that the microcapsules ruptured, thus releasing the healing 
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agent into the crack. However, it has been reported that this approach decreased the stiffness of 

the material.   

Skipor et al. [41] developed a new approach of bonding the catalyst particles to the outer 

surface of the self-healing microcapsules. Figure 1.8 shows the catalyst particles adhered to the 

outer surface of the capsules. 

 

Figure 1.8. Catalyst particles on exterior surface of microspheres [41]. 

It was argued that this would potentially would improve the healing efficiencies because 

the catalyst was readily available to react with the self-healing polymer. In subsequent research, 

Scheifers et al. [42] proposed cross-linking of the polymer with the resin in the crack surfaces 

without the need for a catalyst. Figure 1.9 shows self-healing without the catalyst. 

 

Figure 1.9. Self-healing without catalyst [42]. 
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1.2.3 Mechanical Property Assessment 

The addition of microcapsules in the resin matrix during the manufacturing of composites 

could potentially change the mechanical properties and the processing parameters. The change in 

mechanical properties of the virgin resin depends on the volume fraction of the microcapsules in 

the matrix, diameter of the microcapsules, shell-wall thickness of the capsules, and adhesion 

between the outer surface of the microcapsule and the resin matrix.  

 It has been reported that the modulus and the ultimate strength decreased with an increase 

in the weight fraction of DCPD microcapsules in the resin [43]. Here, the fracture behavior of the 

epoxy resin was studied by preparing a tapered double-cantilever beam (TDCB), as shown in 

Figure 1.10. 

   

Figure 1.10. Tapered double-cantilever beam [43]. 

The test specimen with the microcapsules was allowed to fail under mode 1 loading. After 

the initial load drop, the load was retracted from the specimen. Then the sample was rested for a 

certain period of time for the self-healing to occur in order to seal the crack in the presence of a 

catalyst. After healing, load was applied on the same specimen until failure. The healing efficiency 

was then calculated as the ratio of the critical failure loads of the healed specimen to the virgin 

specimen. Equation 4 shows the formula for healing efficiency [43]. 
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Figure 1.11 shows the Young’s modulus and ultimate stress in the TDCB between neat 

epoxy and epoxy with self-healing microcapsules with variation in the microcapsule concentration. 

Figure 1.12 shows the variation of fracture toughness with respect to the diameter and the 

microcapsule concentration. 

 ɳ =
𝐾1𝑐 ℎ𝑒𝑎𝑙𝑒𝑑

𝐾1𝑐 𝑣𝑖𝑟𝑔𝑖𝑛
 (1.4) 

 

Figure 1.11. Young’s modulus and ultimate stress vs microcapsule concentration [43]. 

 

Figure 1.12. Influence of microcapsule diameter and concentration on fracture toughness [43]. 
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It has also been reported that the toughness of the epoxy resin increases by 127% with the 

induction of microcapsules. This improvement in the microcapsule-induced specimen is highly 

dependent on the diameter of the microcapsules. It has been found that smaller-diameter 

microcapsules have better toughness at lower concentrations [32]. It is also reported that the critical 

load of failure is increased by 20% when the DCPD microcapsules are introduced into the epoxy 

matrix. The addition of 3 wt% of Grubbs catalyst decreased the toughness of the specimen but 

increased the healing efficiency, due to the increased rate of polymerization of the self-healing 

polymer [32].  

Similar trends have been observed with the DCPD capsules in polyester matrix [44]. A 

decrease in the elastic modulus has been reported with an increase in the microcapsule 

concentration. The fracture toughness values showed a maximum at a 10% concentration of the 

microcapsules. Any further increase in the concentration of the microcapsules or the catalyst would 

make the processing of the composite difficult due to the increased viscosity of the resin. Further 

processing parameters need to be considered in order to not rupture the microcapsules and to 

ensure equal distribution in the resin system.  

Self-healing capsules have also been investigated in a woven fiber system. Woven fiber 

has warp and weft yarns. The self-healing capsules were introduced at the interface of the warp 

and weft yarns, which is a resin-rich area. This area serves as a storage spot for the self-healing 

microcapsules. The presence of the capsules in this area does not affect the orientation of the fibers, 

and large number of capsules can be stored, depending on their diameters, because they do not 

affect the inherent mechanical properties of the fiber yarns. However, the presence of the fibers 

adds more challenges in predicting the crack propagation in the composite laminate because more 

failure mechanisms are introduced in addition to the microcracking of the resin.  
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Kessler and White [45] manufactured a composite specimen using plain weave E-glass 

fiber and an epoxy resin system. The Grubbs catalyst was incorporated into the resin during the 

manufacturing of the laminate. The weight fraction of the catalyst was 1.75%. A double-cantilever 

beam (DCB) test specimen was manufactured and tested in mode 1 loading. After the initial failure 

of the specimen, DCPD was injected into the crack and the specimen was allowed to heal before 

retesting. It was observed that 50–60% of the virgin fracture toughness was recovered, and it was 

reported that the presence of the catalyst particles in the epoxy resin reduced the stiffness of the 

composite specimen in comparison to the baseline. Figure 1.13 shows the double-cantilever beam. 

 

Figure 1.13. Double-cantilever beam test specimen [45]. 

 Self-healing efficiencies in fiber-reinforced composites and epoxy resin systems were 

analyzed using tensile and fracture tests, and different performance characteristics were identified. 

Sanada et al. [46] performed experiments to study the de-bonding effects caused by DCPD 

microcapsules in the epoxy matrix. This study was conducted on a specimen made from epoxy 

resin and unidirectional carbon fiber composites. The resin system consisted of 30 wt% of DCPD 

capsules and 2.5 wt% of the catalyst. The carbon fiber strands were coated with this mixture and 

then impregnated with the resin. It was observed that the specimen had a healing efficiency of 14% 
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after 48 hours. SEM images indicate that there was an insufficient amount of capsules at the crack 

front, thereby resulting in low healing efficiencies. It was concluded that higher healing 

efficiencies could be obtained by reducing the diameter of the capsules. Figure 1.14 shows a plot 

of the stress vs strain of the virgin and healed coupons, and Figure 1.15 shows a ruptured 

microcapsule along with polymerized DCPD and catalyst. 

  

Figure 1.14. Stress vs strain of fiber-reinforced composite [46]. 

 

Figure 1.15. Ruptured microcapsule [46]. 
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 Lai [47] investigated the effects of microcapsule size on tensile strength of the self-healing 

epoxy systems. The microcapsules of 20, 60 and 180 µm were dispersed in the epoxy resin, and 

tensile test bars were manufactured. The tensile strength of the self-healing capsules decreased 

when compared to the baseline epoxy resin. It was also observed that the Young’s modulus of the 

test specimen increased with the decrease in the diameter of the microcapsules. Figure 1.16 shows 

a graph of the Young’s modulus vs microcapsule size, and Figure 1.17 shows a graph of the 

ultimate tensile strength vs microcapsule size. 

 

Figure 1.16. Young’s modulus vs microcapsule size [47]. 
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Figure 1.17. Ultimate tensile strength vs microcapsule size [47]. 

 Rzeszutko et al. [48] also investigated the effect of microcapsule on the tensile strength 

properties of epoxy test coupons. Test specimens were manufactured using EPON 828 resin and 

diethylenetriamine as the hardener. The microcapsule concentration was varied from 0 to 30% by 

weight, and the diameters of the microcapsules were 50 µm and 180 µm. It was observed that there 

was a decrease in the Young’s modulus and the ultimate stress as the concentration of the capsules 

in the epoxy increased.  

It was reported that the results were comparable to the results extracted using the rule of 

mixtures where the microcapsules were considered as voids. It was also reported that the addition 

of microcapsules in the epoxy increased the viscosity of resin and caused air bubbles or voids in 

the matrix. Figure 1.18 shows the Young’s modulus vs volume fraction, and Figure 1.19 shows 

the ultimate stress vs the volume fraction of the microcapsules in the resin. 
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Figure 1.18. Young’s modulus vs volume fraction of microcapsules [48]. 

 

Figure 1.19. Ultimate stress vs volume fraction of microcapsules [48]. 

 Fracture toughness and healing efficiencies using DCPD have been studied extensively. 

Initial investigations suggested that the manual injection of DCPD into the crack front as a healing 

technique worked for both the neat epoxy and the fiber-reinforced composite specimen [32, 45, 

49, 50]. The healing efficiency and the recovered fracture toughness ranged between 75% [22] and 
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90% [32] for the epoxy samples and between 7% [49] and 66% [51] for the fiber-reinforced 

composite specimen. Fractured toughness is measured under mode 1 loading.  It was reported that 

the healing process was successful when the microcapsule concentration ranged between 5 and 25 

wt% and the catalyst concentration was at 2.5 wt%. White et al. [22] reported a recovery of 75% 

of the virgin fracture toughness while dispersing the DCPD microcapsules and the catalyst in the 

resin system.  

 Brown et al. [32] performed studies on the amount of time taken by the self-healing 

polymer to recover the fracture toughness of the composite. Fracture tests were conducted on 

virgin and healed test specimens, and it was reported that the healing process with DCPD capsules 

in the resin started after 25 minutes of the initial failure. Another study by Brown et al. [43] 

investigated the healing efficiencies with respect to the diameter of the microcapsules and their 

concentration in the resin system. The weight percent of the catalyst was kept constant at 2.5 wt%. 

The diameter of the capsules varied from 50 µm, 180 µm, and 460 µm, and the percentage loading 

varied between 5 and 25% by volume. It was reported that greater healing efficiency was obtained 

for 180 µm at lower loading percentages in the epoxy (5% by volume), whereas high healing 

efficiencies were reported for capsules with smaller diameters at high concentrations in the resin. 

The healing efficiency is highly dependent on the availability of the self-healing polymer at the 

crack front. It was reported that a healing efficiency of 70% was obtained in both cases.  

 Kessler [33] and Kessler and [45] studied fracture tests on woven E-glass fiber composites. 

They examined the interlaminar failure in a fiber-reinforced composite because failures due to 

delamination occur at lower loadings due to manufacturing defects. The DCB specimen was 

manufactured and mode 1 test was performed. It was reported that in situ healing efficiency was 

20%, compared to healing efficiencies of 51–67% when the specimen was manually injected with 
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the healing in the crack front. This discrepancy is due to the availability of the self-healing polymer 

and the degree of polymerization of the polymer with the resin system.     

 This dissertation aims at studying the improvement of inherent fracture toughness of the 

self-healing microcapsules by incorporating nanoparticles into the microcapsules. Various 

characterizations were performed to determine the encapsulation of nanoparticles along with the 

self-healing polymer and elimination of the usage of expensive catalyst. This also reduced the 

process parameters for the manufacturing of the composite specimen with the self-healing 

capsules. Finite element analysis (FEA) was also performed to determine the strength of the 

microcapsules with different diameters and shell-wall thicknesses. The aim here was to reduce the 

cost of experimentation because the FEA results give an indication of the ideal dimensions for the 

microcapsules. FEA models for fracture testing in mode 1 were also developed for a carbon fiber 

composite. Assuming homogeneous distribution of the microcapsules in the resin system, studies 

were conducted on the load-carrying capability of the virgin and self-healed fracture toughness of 

the test coupons. Furthermore, since the self-healing process is most applicable to curbing failure 

due to delamination for interlaminar tensile (ILT) strength, a four-point bend test composite 

specimen was fabricated. The coupons were tested for their ILT strength, and FEA models were 

developed to validate the modeling to the mechanical testing. After the model validation and the 

initial failure, the elastic properties of the microcapsules with and without nanoparticles were 

incorporated in the crack front, and the load-carrying capability was investigated.  

1.3 Nanoparticles  

Various nanomaterials, including nanoparticles, nanowires, nanotubes, nanofibers, 

nanocomposites, and nanofilms have been produced for more than two decades and used in many 

industries, such as automobile, aircraft, energy, medical, defense, electronics, and 
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telecommunications, health care, sensor, and textile. These nanoscale materials have outstanding 

mechanical, magnetic, electrical, optical, and thermal properties, compared to their bulk size 

counterparts. More than 1,300 nanoproducts are currently on the market, and this number will 

apparently reach 5,000 very soon. 

In recent years, many engineered nanomaterials have been fabricated and investigated for 

various applications. At the nanometer scale, certain materials exhibit new properties that are 

otherwise not exhibited at the macroscale. For example, materials that are not reactive at the 

macroscale become more reactive at the nanoscale because of an increase in the surface area. 

Materials that do not conduct electricity or are fragile become excellent conductors and extremely 

strong when made small enough. Carbon nanowires are a one-dimensional array of carbon atoms 

threaded through a carbon nanotube (CNT) [52]. They have excellent mechanical properties and 

fairly good electrical properties. When functionalized, their properties improve exceptionally and 

can be used in biosensors, implant strengthening, high-performance composites, etc. [52].  

Apart from carbon nanowires, other materials like fullerene, carbon nanotubes, and 

nanoclay also have the potential to be used in medical fields and composite enhancement, among 

other uses [53]. The worldwide nanoproduct market is estimated to reach $1 trillion by 2015. 

About $10 billion was spent on nanotechnology research and development alone [54]. 

Nanotechnology shows great promise in delivering materials with unique chemical and mechanical 

properties. 

1.3.1 Carbon Nanotubes 

A carbon nanotube is a tube-shaped material made out of carbon with a diameter at 

nanometer scale, i.e., less than 1 nm and up to 50 nm [55]. Its length is typically several microns, 

but recent advancements have made nanotubes much longer, measuring in centimeters [55]. 
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A CNT is more or less a graphite layer rolled up with a continuous unbroken hexagonal mesh with 

carbon molecules at the apexes of the hexagons. A scan of a CNT shows that it has multiple 

structures, differing in length, thickness, type of helicity and number of layers. Although CNTs 

are essentially formed from the same graphite sheet, their characteristics differ depending on these 

variations, especially, electrical properties [56]. Figure 1.20 shows SEM images of multi-walled 

carbon nanotubes (MWCNTs) in different sizes and shapes [56]. 

 

Figure 1.20. SEM images of MWCNTs in different sizes and shapes [56]. 

CNTs have several applications, most of which are still in the research and development stages. 

Their applications include (but are not limited to) the following [56-60]: 

 Electronics (wires, transistors, switches, interconnects, memory storage devices) 

 Opto-electronics (light emitting diodes, lasers) 

 Sensors and actuators 

 Field emission devices (displays, scanning electron probes, microscopes) 

 Batteries/fuel cells 
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 Fibers/reinforced composites 

 Medicine/biology uses (fluorescent markers for cancer treatment, biological labels, drug 

delivery carriers) 

 Catalysis and chemical reactions 

 Gas storage and release 

 Coating and corrosion prevention 

 Aircraft and spacecraft fabrication 

1.3.2 Carbon Nanowires 

Carbon nanowires are strings of carbon atoms or carbon nanotubes [58] that are threaded 

together in a single dimension. They were first produced by Yosinori Ando and his colleagues at 

Nagoya University (Japan) within a welter of nanotube whiskers by shooting an electrical arc 

between two carbon electrodes in a helium atmosphere. They have a large aspect ratio in the scale 

of 1000 or greater. According to physics laws, the conductivity of a nanowire will be much less 

than that of the corresponding bulk material. This is because there will be scattering from the wire 

boundaries [58, 59]. The effect of scattering will be very significant whenever the wire width is 

very low, i.e., in this case, below the electron mean free path of the bulk material.  

One of the other peculiar properties of carbon nanowires is that the conductivity is strongly 

influenced by edge effects, which come from atoms that lay at the nanowire surface and are not 

fully bonded to neighboring atoms [58–60]. One dimensional nanostructure can be used for both 

efficient transport of electrons and optical excitation, and these two factors make them critical to 

the function and integration of nanoscale devices. Figure 1.21 shows SEM images of 100-ply CNT 

nanowires[67,68]. 
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Figure 1.21. SEM images of 100-ply CNT nanowires at low magnification (left)  

and high magnification (right). 

 

Carbon nanowires have numerous applications, some of which are listed below [62, 63]: 

 Photon ballistic waveguides 

 Transparent electrodes for flexible flat-screen displays 

 Dielectrophoretic applications (uniquely suited due to their high aspect ratio) 

 Mechanical strength improvements in composites and other materials 

 Electronic transducers and actuators 

 Sensors and biosensors 

 Wiring and connections (since CNT nanowires are electrically and thermally conductive) 

 Aircraft and spacecraft fabrication 

 Military purposes 

1.3.3 Fullerene 

Fullerene, also known as C60 or buckyball, is made of 60 carbon atoms. The C60 surface 

contains 20 hexagons and 12 pentagons in which all the rings are fused and all the double bonds 

are conjugated (Figure 1.22a) [64]. Fullerenes come in various shapes [64, 65], including open, 
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three-membered ring, four-membered ring, five-membered ring, and six-membered ring. Fullerene 

Due to its exotic properties, fullerene can have a wide variety of applications, most of which are 

still under research [61 - 67]: 

 Electrical conductivity of alkali-doped C60: K2C60 is an insulator but K3C60 becomes 

superconductor at 18K, and Rb3C60 becomes a superconductor at 30K 

 Catalysts for hydrocarbon upgrading: conversion of heavy oils and methane into higher 

hydrocarbons 

 Pharmaceuticals:  derivatives of C60 are highly hydrophobic and antioxidant (they soak 

cell-damaging free radicals) and hence can be used as a protease inhibitor) 

 Solar and fuel cell energy conversion and batteries 

 Proton transport membranes 

 Buckyfilms/buckypapers 

 Sharper scanning microscope 

 Sporting goods such as badminton racquets with fullerenes in the polymer matrix 

composite 

 Cosmetics, such as vitamin C60 skin creams 

1.3.4 Nanoclay 

Nanoclays are clay minerals that are ground and optimized for various applications (Figure 

4b) [71]. They are multi-functional materials whose properties can be selectively enhanced for a 

particular application [66]. Polymer-clay nanocomposites are a well-researched class of such 

materials. Nanoclays are a broad class of naturally occurring inorganic minerals, out of which 

plate-like montmorillonite is the most commonly used in materials applications. Montmorillonite 

consists of ~ 1 nm-thick aluminosilicate surface layer substituted with metal cations and arranged 
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in ~ 10 µm-sized multilayer stacks that can be dispersed in a polymer matrix to form a polymer-

clay nanocomposite [66–70]. Within the nanocomposite, individual nanometer-thick clay layers 

are separated to form plate-like nanoparticles with a very high (nm × µm) aspect ratio. 

  
          (a)      (b) 

 

Figure 1.22. Images of particles used in many scientific investigations: (a) fullerene [64]  

and (b) nanoclay [71]. 

 

1.3.5 Graphene Nanoflakes 

Graphene is a single-atom-thick sheet of sp2-bonded carbon atoms in a closely packed 

honeycomb two-dimensional lattice [56]. The atoms in this unique form of carbon are arranged in 

a hexagon. It is the thinnest and strongest material to date. It is one of the most fascinating 

nanostructures, having unique physical, chemical, electrical, and mechanical properties that 

qualify it as a promising nanomaterial in many areas, such as high-energy physics, material 

science, and a wide range of technological applications, such as bioelectronics and biosensing [56]. 

The electrical and thermal conductivities of graphene nanoflakes are much higher than many 

metals and alloys. Some of their properties are similar to the properties of carbon nanotubes. Figure 

1.23 shows SEM and transmission electron microscopy (TEM) images of graphene 

nanoflakes[67,68]. 
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Figure 1.23. Images of graphene nanoflakes:  SEM (left) and TEM (right). 

 

Recent studies show that graphene nanoflakes could be used in several applications in 

industry, including the following [63]: 

 Transistors 

 Transparent conductors 

 Chemical reactions and catalysts 

 Polymer reinforcement 

 Biodevices and nanodevices 

 Solar and fuel energies and batteries 

 Coatings and corrosion resistance 

 Composite strength improvement  

 Bacterial inhibition 

 Drug delivery  

In this study, graphene nanoflakes were chosen as nanoparticles to be incorporated into the 

self-healing microcapsules along with the polymer because graphene is a single atomic layer thick 
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and the strongest material known. It is believed that being a single atomic layer thick, graphene 

nanoflakes can easily flow into nanoscale and microscale cracks and prevent crack growth.  

Recent developments in nanoscale synthesis and engineering technologies have resulted in 

the next generation of supermaterials with multifunctional properties, high strength, high stiffness, 

and energy-dissipation capabilities [72]. Among the new nanomaterials, carbon nanotubes and 

their compounds are being used for various applications. The use of CNTs has a few drawbacks, 

one of which is the dispersion of inclusions in the matrix materials. When CNTs are incorporated 

into a polymeric matrix, the dispersion is usually not uniform, resulting in an agglomeration, 

causing stress concentrations and early failure of the component under applied loads. MWCNTs 

are inaccessible to the inner walls, which results in limited surface-to-volume ratios [73–75]. The 

high cost of manufacturing CNTs also narrows their applications as reinforcement materials for 

various industrial applications.  

Graphene is a single molecule crystal of carbon atoms that forms a hexagonal honeycomb 

lattice with sp2-hybridized bonds [72]. The electron configuration of free carbon atoms is 

1s22s22p2. In particular, sp2 carbon-carbon bonding is the strongest type of bonding, thereby 

making graphene one of the strongest and hardest materials today. Graphene is a single two-

dimensional plane of a crystal, and many of these planes, which are stacked on top of each other, 

are primarily held by van der Waals forces and mechanical friction and interlocking [73–75]. In 

summary, graphene is a basic building block for many graphitic materials [76]. 

Over the past few years, many scientists and engineers have focused on graphene. Their 

interest has been proven by the increase in the number of technical articles, ranging from 500 in 

the year 2006 to 3,000 in 2012 [73]. In terms of the environment, graphene has also attracted much 

attention around the globe. For instance, rare earth minerals must be mined and processed for 
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semiconductor applications, but graphene can easily be synthesized from various organic and 

inorganic materials and produced in different forms. Furthermore, graphene can be recycled, 

thereby leading to energy and environmental savings.  

Also, graphene is widely used in many fields, ranging from electronics to optics to medical 

and aircraft industries. Finally, graphene is a very exciting material, with exotic electrical behavior 

and excellent material properties. Some of these properties include efficient tunneling through 

potential barriers, good electrical properties (e.g., high current-carrying capacity), high thermal 

conductivity, and excellent mechanical properties (e.g., high tensile strength, high Young’s 

modulus, and low friction) [72–75]. Overall, these properties make graphene a very promising 

material for future development in science and technology.  

Graphene atoms, which are arranged in a hexagonal shape, are a unique form of carbon, 

known to be the strongest and thinnest material ever developed to date. Because of its structure, 

graphene qualifies for having unique mechanical, electrical, thermal, physical, chemical, and 

physicochemical properties [76]. The honeycomb lattice structure of graphene is mainly composed 

of two equivalent sublattices of carbon atoms that are bonded together to form its unique structure. 

In the lattice structure of each carbon atom, the orbital is present. This orbital mainly contributes 

to a delocalized network of electrons [77, 78]. Table 1.3 provides the mechanical, thermal, and 

electrical properties of some of the materials used by industry [79-80]. 

Because of graphene’s superior mechanical, electrical, and thermal properties, it has 

several industrial applications, including drug delivery, solar and fuel energy and batteries, 

chemical reactions and catalysts, polymer reinforcement, bacterial inhibition, transistors, 

transparent conductors, biodevices and nanodevices, coatings and corrosion resistance, and 

composite strength improvement [80].  
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TABLE 1.3 

 

MECHANICAL, THERMAL, AND ELECTRICAL PROPERTIES OF SOME MATERIALS 

USED BY INDUSTRY 

 

Material 
Tensile 

Strength 

Thermal Conductivity 

at Room Temperature 

(W/Mk) 

Electrical Conductivity  

(S/m) 

Graphene 120–140 GPa 4,840–5,300 7,200 

CNT 60–150 GPa 3,500 3,000–4,000 

Nanosized Steel 1,769 MPa 5–6 1.35 x 106 

High-Density 

Polyethylene 
18–20 MPa 0.46–0.52 Insulator 

Rubber 20–30 MPa 0.13–0.142 Insulator 

Kevlar 3.6 GPa 0.04 Insulator 

 

1.4 Composite Failures 

A composite is a combination of two or more materials with different properties to form a 

material system with properties better than the individual parent materials [81]. Composite 

materials find their application in various industries due to their excellent mechanical and other 

physical properties. Composite materials have been in existence since the 1940s, and have 

developed significantly since then. Glass fiber is the most commonly used composite material. 

Various fiber materials have been produced over the years, and carbon fibers initially developed 

in 1960s have been extensively used for primary aircraft structures.  

Because composite fibers have high stiffness and strength, most of the reinforcements used 

in manufacturing a composite laminate are in a fibrous form [81].  Because of their high aspect 

ratio, load applied to the fibers can be transferred through a relatively weak matrix material without 

inducing matrix failure [81]. Because these fibers are small in diameter, they are highly flexible, 

which makes it possible to adopt various techniques to manufacture composite laminates [81]. 

Carbon fibers embedded in epoxy matrix are increasingly used for primary aircraft applications 
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because of their long fatigue life, corrosion resistance, high strength-to-density ratio, and high 

stiffness-to-density ratio [82].  

After their invention, carbon fibers embedded in epoxy matrix materials have been 

extensively used in primary aircraft structures. These fibers are continuous and have high specific 

strength and stiffness. Thus a composite laminate consists of multiple layers of continuous fibers 

with the fiber orientation predetermined depending upon the structural applications of the 

manufactured composite laminate [81]. One of the major drawbacks of composite laminates is that 

there is little reinforcement in the thickness direction, and they fail due to the occurrence of 

delamination within the panel, thus resulting in the loss of strength and stiffness of the composite 

[83]. Another drawback of composite laminates is that they exhibit brittle failure modes. The 

failure can occur at lower than expected levels due to the various flaws present in the composite 

laminates. Thus, it is important to predict and understand the sensitivity of a composite laminate 

to these flaws in order to evaluate its structural integrity. This phenomenon also affects the fatigue 

life of the composite structures. The separation of layers of the fibers within the composite laminate 

is called “delamination.”  

Delamination in a composite panel causes dramatic decreases in the strength of the 

laminate, thus making it one of the major failure modes of a composite structure. The 

manufacturing process of composites is challenging, and care must be taken to avoid flaws in the 

composite [84–89]. Carbon fiber-reinforced composites are a nonhomogeneous type of material, 

and the machining process plays a significant role in determining the strength of the composite. 

The surface roughness of the machined composite also has a significant effect on the service life 

of the composite. If the surface roughness of a machined edge is high, then the number and size of 
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microscopic flaws at the free edge are increased, and the probability of free-edge failures is also 

increased.  

Because of the heterogeneous nature of composites, free edges in a composite laminate can 

induce additional stresses and accelerate failure during service [90–94]. At these free edges, highly 

localized interlaminar stresses with steep gradients develop, thereby causing a microcrack to 

propagate through the composite and grow into macrocracks, thus resulting in the failure of the 

composite in undesired failure modes. Numerous studies have been conducted on the effects of 

free edges on a composite, but due to the complex nature of the mechanism, it still attracts 

considerable research interest.   

1.4.1 Curved-Beam Laminate    

  Many primary aircraft structural components contain regions of curved laminates, which 

can develop interlaminar stresses. These curved laminate regions can be found on supporting 

stringers, spars, intercostals, etc. [81]. Figure 1.24 shows two of these structural components that 

contain composite curved laminate features. 

     
 

  Supporting Stringers      Spar 

 

Figure 1.24. Structural components containing curved-beam composites [81]. 
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The complex nature of the mechanism of composite laminates has attracted a significant 

amount of research to determine the state of stress in the orthotropic radius [95–105]. However, 

little attention has been given to the problem of free-edge stresses in a curved laminate and how 

they interact with interlaminar stresses that occur in the interior of the curved laminate region. A 

four-point bend test was used to determine the curved-beam strength (CBS) and the interlaminar 

tensile strength of a curved composite test coupon. Under loading, the radius of the composite test 

coupon is subjected to tensile stresses. The lack of reinforcement at the radius in the through-the-

thickness direction of the curved composite coupon causes it to be vulnerable to out-of-plane 

loading, thus resulting in failure of the curved composite coupon due to delamination. Figure 1.25 

shows the four-point bend test setup. 

 

Figure 1.25. Four-point bend test setup. 

The typical failure mode of a curved composite specimen is delamination in the radius, 

which occurs due to the separation of the fiber layers with different orientations under loading 

[83]. Delaminations in a curved composite laminate are caused by out-of-plane stresses or 

P
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interlaminar shear stresses between layers at the curved section. The composite laminate loses 

stiffness and strength significantly as the result of delaminations, potentially resulting in 

catastrophic failure of the composite panels used for primary aircraft applications. Thus, the design 

engineer must consider the effects of interlaminar stresses on a curved composite laminate when 

designing primary aircraft structures. Interlaminar stresses should be considered not only during 

the design, but also during validation and certification of the primary aircraft structures [81]. All 

of the above factors make it challenging to design a composite laminate to meet the structural 

requirements of an aircraft. Figure 1.26 shows interlaminar stresses in the curved region. 

 

Figure 1.26. Interlaminar stresses in curved region [81]. 

In addition to interlaminar stresses that arise in the center of a curved laminate due to the 

effects of radius bending, additional interlaminar stresses can be induced as the result of ply 

discontinuities, such as those at the free edge of a test specimen.  Because of the heterogeneous 

nature of composite laminates and the mismatch in elastic constants between adjacent layers in a 

laminate, interlaminar tension, compression, and shear stresses are induced in a region very close 

to the edge of the laminate.  As shown in Figure 1.27, the magnitude of these stresses can be higher 
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than those predicted to occur in the center of the laminate, although they are limited to regions on 

the order of a single-ply thickness from the edge of the part.  The magnitude and direction of the 

stresses are a strong function of the stacking sequence of the laminate.  During testing of a curved-

beam laminate, failures can be induced either from high interior stresses or from free-edge stresses.  

Since the objective of testing is normally to assess the strength of the laminate under the known 

stresses at the interior of the laminate, failure due to free-edge stresses is undesirable. 

 

Figure 1.27. Interlaminar normal stresses determined using detailed finite element analysis. 

A four-point bend testing method per ASTM D6415 is used to determine the ILT strength 

of a curved-beam laminate. This method ascertains the stress state at the curvature of the coupon 

under loading and helps in evaluating the service life of a curved-beam composite laminate, which 

are frequently encountered in primary aircraft applications. Utilizing this method, the CBS and 

ILT strength of curved specimens that have a 900 bend at the radius and have an inner radius of 

0.25 in. can be ascertained. Coupons under load experience through-the-thickness tensile stresses. 

Figure 1.28 shows the curved test coupon in a four-point bending test fixture. 
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Figure 1.28. Curved test coupon in four-point bending test fixture (ASTM D6415). 

The value of the ILT strength is obtained by first calculating the curved-beam strength of 

the coupon. The CBS is moment acting at the curved section of the coupon per unit width. The 

moment acting on the coupon can be calculated by multiplying the distance between the loading 

bars on one leg of the coupon by the force exerted by one loading bar.  

The equation for calculating the CBS per the ASTM D6415 testing standard is given by 

[94] 

  (1.5)  

where ɸ is the angle between the specimen leg and the loading bar. This angle keeps changing 

constantly as load is continuously applied on the specimen. In order to calculate ɸ during loading, 

first the vertical distance dy between the two adjacent loading bars must be calculated using the 

following equation: 

   (1.6) 
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Now the value of ɸ can be calculated by  

  1.7) 

The value of ɸ can then be used to calculate the CBS, and then the ILT strength of the curved-

beam composite can be calculated by  

   (1.8) 

Hiel et al. [90] performed experiments to determine the ILT strength of a curved-beam 

specimen. Here, two different configurations of curved beams were manufactured. These semi-

circular and elliptical curved beams were subjected to static and fatigue loads. It was reported that 

the semi-circular coupons were sensitive to flaws in the composite panel under static loading. 

Catastrophic failures were reported for all specimens under load when tested at room temperature.  

It was also reported that the mean ILT strength value of the semi-circular specimen was 99% of 

the value for the in-plane and transverse strengths of the material used. This test method also 

provided a good basis for understanding the manufacturing procedures because it is sensitive to 

flaws. The elliptical specimen ILT strength value was 199% more than what is reported for in-

plane and transverse strength of the material, and this phenomenon needed further investigation. 

Fatigue strength of the elliptical strength was reported to be 50% of the static strength. All the 

coupons failed due to interply debonding or delamination. Figure 1.29 shows the semi-circular and 

elliptical geometries of the test specimens used in this study. 
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Figure 1.29. Semi-circular (left) and elliptical (right) test specimens used to determine  

ILT strength [91]. 

 

Sun and Kelly [107] performed experiments on curved specimens and analyzed the results 

using the Tsai-Hill failure criterion. Coupons fail by transverse matrix cracking because of the 

bending stress and due to delamination as the result of interlaminar tensile stresses. It is observed 

that curvature results in the development of tensile stresses in the thickness direction of the coupon. 

These stresses give rise to failure of the coupon due to delaminations. Initial bending failure is also 

observed at the 00 plies, which are close to the outer surface of the specimen. It is also reported 

that the Tsai-Hill failure criterion was in agreement with the experimental results. 

Sun and Kelly [108] also used a fracture mechanics approach to determine the delamination 

failure due to transverse matrix cracking in the curved-beam specimen. An adhesive was also used 

between the plies, which are susceptible to early failure. It was reported that the use of an adhesive 

material between the plies increased the load-carrying capability of the curved coupon. The 

contribution of the adhesive material in load carrying was less because of its low elastic modulus. 

The adhesive layer transferred the failure of the coupon to the center of the laminate, thus delaying 

the failure and increasing the load-carrying capability.  
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Martin [83] conducted experiments on unidirectional curved-beam laminates and 

investigated delamination failures at the curved section of the test coupons. Under load, the 

delaminations developed at the curved section of the test coupon throughout its thickness until 

total failure. Delaminations start at the point of maximum radial stresses in the curved section. 

Two-dimensional finite element analysis was performed, and the strain energy release rate was 

used to predict the onset of delaminations. 

Kaczmarek [109] used acoustic emissions to determine the onset of delamination in glass 

fiber/epoxy curved composite coupons. The layups were made using 30 plies with a symmetrical 

stacking sequence. With strain gauges and a transducer mounted on the test coupon, the onset of 

delamination can be predicted. It was reported that this technique had high accuracy and that the 

onset of delamination occurred at 96% of the maximum load. 

Cui et al. [110] used woven glass/polyester laminates to manufacture a four-point bend test 

specimen to determine the interlaminar tensile strength. Experimental tests proved that the 

specimen geometry developed can be used to determine the ILT strength. Failure of the coupons 

occurred due to delaminations. It was also reported that the specimen configuration gave results 

that were comparable to other test methods. 

Jung et al. [82] performed a four-point bend test on an angle bend specimen to determine 

the strength of the angle brackets which had a 900 bend at the radius. Specimens with different 

radiuses and thicknesses were analyzed. Carbon nanofibers were also introduced into the epoxy 

matrix, and the failure strengths and damage evolution were analyzed. It was reported that the 

radial stress value remained the same, even though there was an increase in the curved-beam 

strength for different types of specimens. Thus, the radial stress was found to be independent of 

the thickness of the curved-beam coupon, radius of the coupon, and nanoadditives. The failure was 
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sudden and catastrophic. The specimen with a nanoadditive appeared to have higher energy for the 

evolution curve.   

Hao et al. [91] performed four-point bend tests on carbon/epoxy curved-beam specimens 

with different thicknesses. These experiments were conducted to determine the structural integrity 

and also the lifetime of composite curved beams. It was reported that the failure of the coupons 

started at the (00, 00) ply interface because of the low energy release rate. The curved-beam strength 

increased with increase in thickness, but the radial stresses decreased with the increase in thickness. 

The digital speckle correlation method was used to measure the strains, and it was reported that 

this method can accurately predict the location of crack initiation.  

1.5 Objective 

Failure in a composite is the result of the growth and propagation of nanoscale and 

microscale cracks in the matrix under loading, thereby resulting in delamination. The idea of self-

healing is inspired by biological systems where a defect is repaired without human intervention. 

Microcapsules were first developed by White et al. [22], where a polymer was encapsulated in a 

urea and formaldehyde shell. By incorporating self-healing microcapsules and a catalyst in the 

resin, as the crack starts to propagate it ruptures the capsules, and the polymer inside the capsules 

flows into the crack front and polymerizes it, thus sealing the crack. For efficient healing to occur, 

the diameter and shell-wall thickness of microcapsules are important. Capsules with large 

diameters act as voids and reduce the inherent stiffness of the composite, thereby causing them to 

fail prematurely. Microcapsules with thin shell walls tend to break during the manufacture of the 

composite laminate due to processing parameters. Considerable research has been conducted over 

the years to determine healing efficiencies using mechanical testing, in turn making it an expensive 

and time-consuming process. It has also been found that little work has been done in developing 
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finite element models where the elastic properties of the self-healing capsules can be incorporated 

into composites to study the healing efficiencies.    

The objective of the present study is to incorporate nanoparticles into self-healing 

microcapsules to prevent the usage of expensive catalysts. The microcapsules were manufactured 

by a method described by White et al. [22], and after confirming the formation of microcapsules, 

a method was developed to incorporate graphene nanoparticles into the microcapsules to further 

reduce crack propagation in the composite. The fabricated microcapsules were analyzed using 

various material characterization methods to determine the presence of nanoparticles on the inside 

of the capsules as well as on the outer diameter. The rule of mixtures was implemented to calculate 

the elastic properties.  

Another objective of this research was to develop finite element analysis models for the 

microcapsules to reduce the cost of development for the study. The elastic properties obtained for 

the microcapsules using the rule of mixtures was incorporated into the models, and the results 

obtained were in good agreement with the literature review. Further FEA models for composite 

test specimens were developed to simulate the mode 1 loading and the interlaminar tensile strength 

under four-point bending. The FEA models were validated by comparing the stiffness and strength 

results obtained during mechanical testing. The properties of the microcapsules were incorporated 

into these models after initial failure to determine the healing efficiencies, assuming a 

homogeneous distribution of capsules in the matrix. This study did not consider the failure analysis 

of the composite specimen and the crack growth analysis by incorporation of the self-healing 

microcapsules.  
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CHAPTER 2 

 

MANUFACTURING AND CHARACTERIZATION OF SELF-HEALING 

MICROCAPSULES WITH AND WITHOUT GRAPHENE NANOPARTICLES 

 

2.0 Abstract 

Self-healing has been inspired by biological systems in which damage is healed 

automatically. In this study, self-healing refers to the damage repair in fiber-reinforced composites 

without human intervention. This is done by incorporating microcapsules filled with a healing 

agent along with a catalyst into the polymer matrix. As the crack propagates through the resin and 

reaches a microcapsule, the microcapsule ruptures and releases the polymer into the crack front, 

causing the crack to seal itself. The self-healing polymer used is dicyclopentadiene. In this study, 

encapsulating nanoparticles along with a healing agent to increase the rate of crystallization and 

to increase the inherent strength of the microcapsules was investigated. The dispersion of 

nanoscale inclusions in the epoxy matrix has the potential of greatly increasing the mechanical 

properties of the polymer composite. When nanoscale inclusions are used as reinforcements in a 

composite material, the rate of crack growth could be considerably reduced. Self-healing 

microcapsules with DCPD as well as microcapsules with DCPD and graphene were manufactured. 

These microcapsules were characterized using scanning electron microscopy, energy dispersive 

X-ray spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, 

differential scanning calorimetry, and dynamic mechanical analysis (DMA) to confirm the 

encapsulation of nanoparticles along with the healing agent. The capsules were then incorporated 

into the epoxy resin, and an E-glass fiber-reinforced composite was manufactured and tested for 

its tensile properties. 
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2.1 Introduction 

The last 60 years has seen a significant development and usage of fiber-reinforced 

composites in various fields where light weight and high strength are significant factors. These 

industries include aerospace, wind turbines, automobiles, etc., where the strength and structural 

integrity of the components are of significance to prevent loss of life and to reduce the 

manufacturing cost [1–3]. Over the years, fiber-reinforced composites have been increasingly 

replacing traditional materials such as metals, ceramics, etc. This is because the high aspect ratio 

gives the fiber-reinforced composite excellent strength and stiffness [1] and enables the 

manufacturing of components with complex geometries. Some of the best examples are the Airbus 

A350 and Boeing 787 for commercial aircraft where more than 50% by weight is made of 

composites which results in significant savings in fuel usage by reducing the weight [5–8]. A 

carbon fiber composite part is up to 40% lighter than an aluminum part. Fighter jets are made 

mostly of carbon fiber because of its high strength values. This light weight is of utmost importance 

for providing jets with maneuverability and also to survive the extreme G-forces that they 

encounter.      

 Non-renewable sources of energy are being exhausted at a rapid pace. Consequently, 

research emphasis has been directed toward the utilization of renewable sources of energy. Various 

applications have been investigated to generate electricity. Wind turbines have the potential of 

being an efficient method to convert wind energy into electrical energy. Of the many parts of a 

wind turbine, the blades are of utmost importance [9]. The typical length of a blade for a 1.5 MW 

turbine is about 35–40 meters. As the capacity of the turbine increases, the length of the blade also 

increases and thus the need for light and strong turbine blades [9]. Figure 2.1 shows the cross 

section of a wind turbine rotor blade. 
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Figure 2.1. Wind turbine rotor blades [9]. 

Wind turbines have the potential of being an efficient method to convert wind energy into 

electrical energy. Of the many parts of a wind turbine, the blades are of utmost importance. The 

wind installed capacity is growing at a rate of 35% per year. In 2008, the composite wind turbine 

blades market was estimated to be $5.9 billion. By 2017, this figure is estimated to rise to $34 

billion. Sandia National Laboratories conducted a survey on five wind tunnel plants. On average, 

80 blade replacements had to be done in each of these plants. As the capacity of the turbine 

increases, the length of the blade also increases and thus the need for light and strong turbine 

blades. Usually these blades are manufactured using glass epoxy composites. Research into the 

use of graphite composites is underway because they are light in weight and yet stronger than 

many of their counterparts. The major drawback with graphite composite is its cost. Wind turbine 

blades are subjected to cyclic loading that results in the development of microcracks, which over 
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the course of time becomes a macrocrack, thus leading to fatigue in failure. The concept of self-

healing composite materials might be introduced into blade manufacturing to save money and to 

increase the life of turbine blades  

Composite materials, such as wind turbines, aircraft parts, etc. are prone to failure due to 

damage, which can be induced by lightning strikes, hail, runway debris, tool drops, vehicle 

collision, bird strikes, vibration, friction, heat build-up, weather, etc. These factors cause localized 

damage in the composite laminate, compromising the structural integrity in the form of matrix 

cracking, fiber fracture, debonding, delamination, fiber pullout, microbuckling, kind bands, cone 

fracture, and the like. Composite wind turbine blades are extensively subjected to cyclic loadings, 

which in turn cause micro and nanoscale cracks, and thus lead to fatigue and failure in a shorter 

service time. To ensure safe operation and prevent catastrophic failure, composite laminates 

designed for primary aircraft structures need to meet impact damage tolerance and durability 

requirements. 

2.1.2 Self-Healing 

To prevent catastrophic failure and increase the service life of composites, the self-healing 

concept has been implemented in these fields. This concept can also be used to enhance the 

strength of a composite's repair patch. For example, imagine a cut on the human hand. Nature 

provides a process by which the body heals the wound over a period of time. Man-made self-

healing materials follow a similar concept, but the healing here is done at a rapid pace. This can 

be done by the introduction of urea-formaldehyde (UF) microcapsules into the epoxy matrix of the 

composite material. The UF microcapsules are filled with dicyclopentadiene, which acts as the 

healing agent. When DCPD is introduced into the crack of the epoxy matrix, it reacts with a 
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catalyst in the matrix and heals it. Thus, there is no need to remove and replace the damaged part, 

immediately resulting in a savings of time and money.  

 

Figure 2.2. Concept of self-healing [10]. 

Brown et al. [11] determined that the addition of urea-formaldehyde microcapsules into the 

epoxy matrix of the composite increases its virgin fracture toughness. Microcapsules with 

encapsulated healing agent were introduced into the epoxy matrix of the composite, and a tapered 

double-cantilever beam specimen was prepared to test for the healing efficiency and fracture 

toughness. It is reported that there was a 127% increase in the virgin fracture toughness of the 

composite panel due to the addition of the microcapsules. This increase in the healing efficiency 

and the fracture toughness is mostly dependent on the size and concentration of the induced 

microcapsules. If their size is less, then the amount of healing agent delivered into the crack front 

is less, thus affecting the healing efficiency. Also, care must be taken while mixing the 

microcapsules into the epoxy matrix because if they are not uniformly distributed then there is 

good chance that a crack will propagate through the composite, and there will be no self-healing 

due to the lack of healing agent at that particular point of the laminate. 
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 From Figure 2.3(a), it can be seen that the healed fracture toughness increases with the 

increase in microcapsule concentration volume. Figure 2.3(b) indicates that the healing efficiency 

is greater at lower concentrations of higher-diameter microcapsules 

 

Figure 2.3. Influence of microcapsule concentration on self-healing behavior [12]. 

 When the crack starts propagating through the composite cross section, it penetrates 

through the self-healing microcapsules. At the microcapsules break open, the healing agent is 

dispersed into the crack front. This phenomenon is shown in Figure 2.4. 

                                    

Figure 2.4. Crack front filled with DCPD healing agent [12]. 
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The healing agent in the crack front reacts with the Grubbs catalyst, which is dispersed in 

the matrix to solidify and thus heal the crack. The catalyst operates by ring-opening metathesis 

polymerization. This phenomenon is mainly responsible for the composite to gain its original 

fracture toughness back. Figure 2.5 shows the healing of the crack front. 

 

 Figure 2.5. Crack front filled with DCPD healing agent [12]. 

Ring-opening metathesis polymerization is one type of olefin metathesis chain growth 

polymerization. Olefin metathesis redistributes the alkylene fragments by breaking the carbon-

carbon double bonds in the olefin with the help of an organic reaction. Relief of the ring strain in 

the cyclic olefins is the main driving force for the ring-opening metathesis polymerization, and 

also a variety of catalysts are used for this purpose [13]. Dicyclopentadiene, which is the healing 

agent, is formed from highly cross-linked polymers and is extremely tough. Because of the release 

of strain energy from the ring-opening metathesis polymerization of DCPD, the reaction is 

considered to be highly exothermic and can be initiated by transition metal complexes. It is found 

that high metathesis activity with DCPD is shown using the Grubbs catalyst, which when coupled 

with DCPD monomers releases high energy and also possesses extreme chemical stability. Figure 

2.6 shows the ring-opening metathesis polymerization of the Grubbs catalyst with DCPD. 
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Figure 2.6. Ring-opening metathesis polymerization of Grubbs catalyst with DCPD [13]. 

The Grubbs catalyst used for the ring-opening metathesis polymerization exists in many 

different shapes and crystal morphologies, and can have different dissolution kinetics. The strength 

of a composite panel with a crack is restored completely only if it has good healing efficiency, 

which is achieved only if the dissolution kinetics of the catalyst and the curing of the composite 

are compatible. It can also be said that the healing efficiency depends upon the dissolution kinetics 

of the catalyst and the catalyst concentration because superior healing efficiency is shown by a 

rapidly dissolving polymorph. Figure 2.7 shows a rapidly dissolving catalyst polymorph. 

 

Figure 2.7. Dissolving catalyst in specimen [13] 
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The Grubbs catalyst is expensive, and dispersing it into the resin adds another level of 

complexity in the epoxy matrix. Therefore, the objective in this research is to eliminate the use of 

a catalyst by incorporating and optimizing the fabrication of microcapsules. One of the major 

factors for developing the self-healing microcapsules is the high yield of production during 

synthesis. The synthesis method should be relatively easy and the healing agent must be inert to 

the conditions of the synthesis [14–20]. The shell wall should be nonpermeable in order to prevent 

leaching of the healing agent and contamination of the healing agent with foreign particles [14–

20]. In addition, the microcapsules should be strong enough to survive the manufacturing 

parameters of fiber-reinforced composites, but the microcapsule shells should be able to break in 

the event of crack propagation through the matrix for effective crack sealing. In addition the 

surface morphology of the outer shell of the microcapsules needs to promote good adhesion with 

the polymer matrix [14–20].  

One of the earliest findings in the development of microcapsules for self-healing is the 

encapsulation of DCPD in the urea and formaldehyde shell [21]. Since the development of this 

process by White et al., there have been numerous studies on microcapsules with different shell 

materials and with different healing agents. However, a significant improvement is the 

development of nanoscale microcapsules [21]. This was achieved by applying sonic energy during 

the synthesis of the capsules.  

This study is aimed at further optimizing the manufacture of microcapsules. The intention 

in this research is to encapsulate graphene along with the healing agent. The intention is also to 

incorporate graphene into the UF shell. This would make the microcapsules impervious to any 

leakage of the healing agent, and graphene would add strength and stiffness to the shell wall, 

making it more durable during the dispersion and manufacture of fiber-reinforced composites.  
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It is believed that as the crack propagates and breaks the microcapsules, the crack front is 

filled with the healing agent and graphene. It has been observed that graphene flows efficiently 

into the crack front, thus sealing the crack. When the crack heals and with the presence of graphene, 

it is intended to increase the healed fracture toughness of the laminate by many folds. The 

manufacturing procedure of the microcapsules is discussed later on in this paper.  

Graphene is an allotrope of carbon which has sp2 bonded carbon atoms densely packed in 

a honeycomb crystal structure. This structure consists of one atom thick sheets of sp2 bonded 

carbon atoms. The interplanar spacing is 0.335 nm, and the carbon-carbon bond length is around 

0.142 nm. Figure 2.8 shows the atomic structure of graphene. 

 

Figure 2.8. Atomic structure of graphene [22] 

2.2 Experiment 

2.2.1 Materials and Methods 

Microcapsules should be strong enough to withstand the processing of the host polymer 

and yet rupture when the polymer is damaged [15]. Thus, the wall thickness and the diameter of 
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microcapsules play an important role in the healing efficiency. The wall thickness is usually in the 

range of 160–220 nm, which is sufficient for it to survive during the processing of the host polymer 

and yet rupture when the crack penetrates. The microcapsule diameter can be altered by controlling 

the agitation rate during the manufacture of the microcapsules. This diameter is usually between 

50 and 180 µm. [23]. If the agitation rate is more, the diameter of the microcapsules is reduced, 

and vice versa. For small-diameter microcapsules, maximum healing efficiency is obtained at a 

higher concentration of microcapsules because a greater number of microcapsules are required to 

rupture in order to deliver the desired quantity of healing agent. It has been observed that the 

microcapsules contain 83–92 wt% of DCPD and 6–12 wt% of UF [15]. The manufacturing process 

of the microcapsules along with the contents required are shown in Figure 2.9. 

To manufacture the self-healing microcapsules a beaker with 50 ml deionized water was 

placed on a hot plate, and 12.18 ml of 2.5 wt% aqueous solution of ethylene maleic anhydride 

(EMA) was added to the beaker under high-speed stirring at 1,000 rpm. Simultaneously 1.25 g of 

urea, 0.125 g of ammonium chloride, and 0.125 g of resorcinol were added to this solution. The 

pH of the solution was raised from 3.12 to 3.50 by adding sodium hydroxide. A drop of 1 octanol 

was added to prevent surface bubbles. A slow stream of 14.75 g of dicyclopentadiene, which is 

the healing agent, was added to this solution and allowed to stabilize for 5 minutes [24]. 

After stabilization, 23.18 g of formaldehyde was added to the solution, which was then 

stirred continuously for 4 hours at a temperature of 450C. It was observed that after 4 hours of 

agitation, the urea-formaldehyde microcapsules were formed. The entire mixture was then allowed 

to cool to ambient temperature [24]. The microcapsules were separated from the solution under 

vacuum and washed five times with deionized water to remove excess solvent.  The microcapsules 

were then allowed to air dry for 24 to 48 hours.  
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Figure 2.9. Manufacture of self-healing microcapsules. 

Microcapsules were manufactured without and with graphene particles. The capsules 

without the nanoparticles were fabricated and characterized. The characterization results were 

compared to the literature review and showed to be in good agreement. The graphene 

microcapsules were also analyzed, and it was confirmed that the shell wall was made of graphene 

nanoparticles. It was also observed that graphene was successfully encapsulated along with the 
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DCPD healing agent. Figure 2.10 shows macroscopic images of the microcapsules with and 

without graphene nanoparticles. 

       
 

Figure 2.10. Self-healing microcapsules with DCPD (left) and  

with DCPD and graphene (right) [24]. 

 

2.2.2 Characterization of Microcapsules 

The characterization of microcapsules using various methods are described in the following 

subsections. 

2.3  Results and Discussion 

2.3.1 Scanning Electron Microscopy 

Scanning electron microscopy is a method where focused electron beams are used to 

produce an image of the substrate. SEM was used to analyze the surface morphology and diameter 

of the self-healing microcapsules and to determine their shell-wall thickness. Self-healing 

microcapsules with and without graphene microcapsules were analyzed. Images confirmed the 

formation of the microcapsules. Figure 2.11 shows a SEM image of the microcapsule. 

The outer surface of the microcapsule show to have agglomerated nanosized particles of 

urea and formaldehyde. This phenomenon was confirmed with the literature review [11-21]. The 
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SEM imaging was also used to confirm that the microcapsules had a shell that can be ruptured and 

the inner surface of the capsule was also examined. Figure 2.12 shows the ruptured microcapsules 

and the inner surface of the capsules. 

 
 

Figure 2.11. SEM image of urea-formaldehyde self-healing microcapsule. 

 

   
 

Figure 2.12. SEM images of ruptured microcapsules (left) and inner surface  

of microcapsule (right). 

 

As it can be seen, the inner surface of the microcapsule has a smooth finish. This is due to 

the result of the deposition of a low molecular weight polymer at the water and DCPD interface 

during synthesis [11–21]. SEM imaging was also used to study the outer surface morphology of 

the graphene-induced microcapsules and the DCPD microcapsules. It was observed that graphene 
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had been successfully incorporated into the shell wall. SEM images show a wavy pattern on the 

capsules with graphene with some agglomerated urea and formaldehyde nanoparticles. Figure 2.13 

shows SEM images of microcapsules with and without graphene nanoparticles. 

  

  Figure 2.13. SEM images of microcapsules with (left) and without (right)  

graphene nanoparticles. 

 

The graphene microcapsules were then ruptured and their contents allowed to combine 

with the substrate for SEM imaging. The images reveal the presence of graphene particles, thus 

confirming the encapsulation of graphene along with the DCPD healing agent.  Figure 2.14 shows 

an image of graphene nanoparticles after the microcapsules ruptured. In addition, microcapsules 

were fabricated with various diameters by altering the agitation rates during synthesis. This was 

important because the size of the microcapsule is important in determining the curing kinetics of 

the epoxy resin. In addition, the diameter of the microcapsule plays a significant role in reducing 

agglomeration while being dispersed in a polymer matrix. Microcapsules of different diameters 

are shown in Figure 2.15. 
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Figure 2.14. SEM image showing graphene particles after rupture of graphene-induced  

self-healing capsules. 

 

   
 

   
 

Figure 2.15. Microcapsules of different diameters. 
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2.3.2 Energy Dispersive X-ray Spectroscopy 

EDS provides both a qualitative and a quantitative elemental analysis of the specimen. It 

uses a focused electron beam to bombard the sample specimen and employs the X-ray spectrum 

emitted by the sample to obtain a localized elemental analysis. EDS was performed to determine 

the elemental analysis of the DCPD microcapsules and the graphene-induced DCPD 

microcapsules. This analytical procedure is used for the chemical characterization of samples. To 

determine the chemical structure of the sample, x-rays of SEM are focused onto the samples 

individually. Since each element has a different atomic structure, EDS provides a set of peaks on 

the x-ray spectrum. From the EDS, it can been seen that the weight percentage of the carbon 

element is higher for the microcapsules with graphene compared to samples with only the DCPD 

healing agent. However, EDS does not provide conclusive evidence that the graphene has been 

encapsulated, as opposed to simply being deposited on the outer surface of the microcapsule.  

      

                   

Figure 2.16. EDS results for DCPD (left) and DCPD plus graphene (right) microcapsules. 
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2.3.3 Fourier Transform Infrared Spectroscopy 

FTIR analysis was performed on the microcapsules. As mentioned in the previous sections, 

the microcapsules were fabricated with a DCPD healing agent, which serves as the baseline sample 

for the analysis. The shell wall was made of urea and formaldehyde. In another attempt, the 

microcapsules were fabricated with graphene nanoparticles where the nanoparticles were expected 

to form the shell-wall material along with urea and formaldehyde. Graphene was also expected to 

be encapsulated with the DCPD healing agent. FTIR results confirmed the formation of the 

microcapsules. The absorbance spectrum of the samples confirmed the presence of a urea-

formaldehyde shell. It also confirmed the presence of graphene nanoparticles in the second sample. 

Figure 2.17 shows the FTIR analysis of the UF and DCPD baseline microcapsule sample. 

 

   Figure 2.17. FTIR of UF and DCPD microcapsule (baseline). 



74 

The N-H stretching at 1545 cm-1  and 1536.15 cm-1 , the C=O stretching at 1628.83 cm1and 

1627.26 cm-1 , the C-H stretching at 1460 cm-1 , and the broad O-H peak between 3400 and 3200 

cm-1 confirm that the shell-wall material is made of urea and formaldehyde. Peaks at 2960 cm-1 

indicating –CH stretching vibration and –CH absorption peaks between 720 and 760 cm-1 

correspond to the presence of DCPD [25-27]. The FTIR analysis of the sample with the graphene 

nanoparticles confirmed the presence of graphene oxide in addition to the UF shell and the DCPD 

healing agent. The peaks at 1650 cm-1 and 1200 cm-1 indicate the presence of graphene in the 

microcapsules [28, 29]. The decrease in the intensity of the peak between the baseline sample and 

the graphene encapsulated sample indicates the presence of the UF shell. This confirms that 

graphene was successfully incorporated into the shell wall of the microcapsules. 

 

Figure 2.18. FTIR of graphene-encapsulated microcapsule. 
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2.3.4 Raman Spectroscopy 

Raman spectroscopy analysis was also performed on the baseline sample, which is the 

microencapsulation of DCPD inside the urea-formaldehyde capsule. Thesr results were compared 

to the sample where graphene is present on the shell wall in addition to being encapsulated with 

the DCPD healing agent. Spectroscopy measurements were taken on the outer surface of the 

microcapsule. For the graphene sample, initial spectroscopy was taken on the outer surface of the 

capsule and the results indicated the presence of graphene along with urea and formaldehyde with 

traces of DCPD. To confirm the presence of graphene inside the capsule, the laser of Raman 

spectroscopy was used to create a hole in the microsphere. Once the hole was created, the leakage 

of DCPD was observed, which further confirms the encapsulation of the healing agent. In addition, 

the spectroscopy of the inside surface of the microcapsule confirmed the presence of graphene. 

Figure 2.19 shows an image of the microcapsule under Raman spectroscopy, and Figure 2.20 

shows the microcapsule after a hole was created on the shell wall for the graphene capsules. 

 

Figure 2.19. Image of microcapsule under Raman spectrometer. 
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Figure 2.20. Image of microcapsule after hole created in shell wall. 

Raman spectroscopy results were characterized by the predominant peaks. Peaks in the 

region of 2800–3050 cm-1 originates from the methylene groups [30] and confirms the presence of 

a urea-formaldehyde shell. The signals at 1573 and 1617 cm-1 are due to the stretching vibrations 

and the cyclopentene C=C bonds, which represents the presence of DCPD [31]. The peaks at 

1580 cm-1 and 2690 cm-1 determine the presence of graphene nanoparticles [32]. Figure 2.21 shows 

overlapped spectroscopy results of the UR DCPD microcapsules, DCPD and graphene 

nanoparticle-induced microcapsules, and the inner surface of the DCPD and graphene 

microcapsules. Comparing the baseline sample to the graphene-induced capsules, it can be seen 

that strong signals appear for graphene along with the signals for the DCPD and UR shell. The 

spectroscopy results taken on the inner surface of the graphene microcapsules indicate strong peaks 

only for the presence of graphene. This further confirms the presence of graphene on the outer 

shell and on the inside of the microcapsules. 
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Figure 2.21. Raman spectroscopy results for UF DCPD microcapsules, UF DCPD microcapsules 

with graphene nanoparticles, and inner surface of graphene-encapsulated microcapsules. 

 

2.3.5 Differential Scanning Calorimetry 

DSC is used to determine the enthalpy of fusion and glass transition temperatures of 

polymers. It monitors the phase transitions of the sample and the chemical reactions associated 

with the heat effects as a function of temperature. It specifies the polymer melting point, 

decomposition, and temperatures at which the maximum reaction rate of the polymer occurs. The 

difference in the heat flow of the sample is measured with respect to a reference sample, which is 

DCPD Microcapsules 
DCPD+Graphene Microcapsules 
Inner Surface of DCPD+Graphene Microcapsules 
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usually an empty aluminum pan. The samples were placed on holders, beneath which were 

resistance heaters and temperature sensors. Thus, the heat flow was calculated using the power 

difference between the two holders to maintain both samples at same the temperature. Figure 2.22 

shows the DSC analysis for the UF and DCPD microcapsules. 

 

Figure 2.22. DSC analysis of UF and DCPD microcapsules. 

From Figure 2.22, it can be seen that the rise in the enthalpy starting at 35oC and reaching 

the maximum at 65oC illustrates the melting of DCPD [26]. The change in enthalpy at 170oC and 

reaching a peak at 218.56oC indicates the boiling of DCPD. This peak also merges with the melting 

peak of the UF shell at around 260oC [26]. Figure 2.23 shows the DSC analysis of the graphene-

encapsulated microcapsules. A decrease can be seen in the enthalpy between the DCPD and the 

graphene microcapsules because of the reduction in the polymer quantities resulting in a decrease 
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in polymerization. In addition , the presence of graphene increased the thermal conductivity of the 

microcapsules as shown by the increase in heat flow to the graphene microcapsules. 

 

Figure 2.23. DSC of graphene-encapsulated microcapsules. 

2.3.6 Dynamic Mechanical Analysis 

DMA is a technique where small loads are applied in a cyclic manner on the specimen in 

order to study the material’s response to stress, temperature, and frequency. DMA applies 

oscillatory force on the sample at a constant frequency, and the changes in stiffness and damping 

of the sample can be observed. The sinusoidal wave loading is applied using a force motor, which 

is transmitted to the specimen using a driveshaft. Under the known stress, the sample will deform, 

thereby changing the stiffness of the material. DMA is used to measure the elastic modulus, loss 

modulus, and damping of the specimen. Damping is the ratio of the loss modulus to the storage 

modulus. Here the DCPD and graphene microcapsules were dispersed at various weight fractions 
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into the epoxy resin. Figure 2.24 shows the storage modulus of the microcapsules dispersed in the 

epoxy resin. 

 

Figure 2.24. Storage modulus of microcapsules. 

Storage modulus indicates the interaction between the fillers and the matrix. The efficiency 

of load transfer between the fillers and the matrix increases the storage modulus. This phenomenon 

occurs at a low weight percentage of the nanoparticles. With the increase in wt% of the 

nanoparticles, it is observed that the storage modulus decreases because of agglomeration, which 

in turn reduces the degree of cross-linking in the nanocomposites. This case shows a decrease in 

the storage modulus when compared to the baseline, owing to the excessive presence of 

nanoparticles. 

The loss modulus is the viscoelastic property of the material. It can be observed that before 

the glass transition temperature, the material exhibits an elastic nature and thus the loss modulus 

is small. The loss modulus reaches its peak in the glass transition zone. The addition of graphene 
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oxide relaxes the molecular structure, and the glass transition temperature moves to the lower 

temperature region. Figure 2.25 shows the loss modulus for various samples.   

 

Figure 2.25. Loss modulus for microcapsules dispersed in epoxy at various weight percentages. 

Damping is the ratio of the loss modulus to the storage modulus of the samples. The 

maximum glass transition temperature is determined from the peak position of tanδ. As can be 

observed in Figure 2.25, there is a decrease in the glass transition values with the introduction of 

the nanoparticles because of agglomeration caused by a high weight percentage of the 

nanoparticles. Figure 2.26 shows the damping ratios for the microcapsules. 
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Figure 2.26. Damping ratios of microcapsules. 

2.4 Conclusions 

The self-healing microcapsules were successfully manufactured using the method first 

developed by White et al. These microcapsules consisted of DCPD polymer healing agent 

encapsulated in a urea and formaldehyde shell. These capsules were used with a catalyst to seal a 

crack propagating in the epoxy matrix. To prevent the use of an expensive catalyst and to reduce 

complications during the manufacture of the composite, nanoparticle-induced self-healing 

microcapsules were successfully developed. Graphene encapsulated with the healing agent was 

used. Various characterization methods confirmed the presence of graphene and healing agent 

inside the microcapsule. It was also confirmed that graphene was incorporated into the UF shell 

wall, which would increase the inherent strength of the microcapsules, thus preventing their 

rupture during the processing of composite materials. In addition, graphene was expected to flow 

into the crack front, thereby sealing the crack more effectively.   
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CHAPTER 3 

 

TENSILE TEST AND FINITE ELEMENT ANALYSIS OF SELF-HEALING 

MICROCAPSULES 

 

 

3.0 Abstract 

Self-healing is a method developed to automatically seal cracks propagating through a 

matrix by incorporating microcapsules into the resin matrix. In this study, the tensile strength of 

samples was evaluated by incorporating self-healing microcapsules with the healing agent 

dicyclopentadiene and also self-healing microcapsules with dicyclopentadiene and graphene 

nanoparticles into epoxy resin and manufactured glass fiber-reinforced composites. There has been 

an increase of tensile strength by 35% for graphene-incorporated self-healing microcapsules. 

Finite element analysis models for the microcapsules have been created to reduce the cost of 

development for self-healing technology. Microcapsules with different diameters and shell-wall 

thicknesses were modeled and analyzed for their load-carrying capability. FEA models for G1C 

mode 1 analysis were also developed using a carbon fiber pre-preg material. Short-beam shear 

(SBS) test, mode 1 test, and four-point bending test coupons were manufactured and tested to 

determine the stiffness properties for the pre-preg resin system. A sensitivity study on the elastic 

properties of the cohesive elements was performed based on the experimental results to determine 

the Knn, Kss, and Ktt values to develop an FEA model for mode 1. Non-linear analysis was 

performed to validate the FEA model with the experimental results. After the first failure of the 

G1C FEA model, the elastic properties of the microcapsules with and without nanoparticles were 

assigned to the resin layer in the FEA model, and then the analysis was run again. This approach 

was used to determine and predict the healing efficiencies using FEA modeling.     
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3.1 Introduction 

Self-healing has been inspired by biological systems in which damage is healed 

automatically. For example, imagine a cut on the human hand [1–4]. Nature provides a process by 

which the body heals the wound over a period of time. Man-made self-healing materials follow a 

similar concept, but the healing here is done at a rapid pace. This can be done by introducing urea-

formaldehyde microcapsules into the epoxy matrix of a composite material [5–22]. The UF 

microcapsules are filled with dicyclopentadiene, which acts as the healing agent [1–9]. When 

DCPD is introduced into the crack of the epoxy matrix, it reacts with a catalyst in the matrix and 

heals the crack. Thus, there is no need to remove and replace the damaged part immediately, 

resulting in a savings of time and money.  

Since their invention, fiber-reinforced composites have been used extensively in various 

industries because of their excellent mechanical properties. However, one of the major drawbacks 

of composite laminates is that they exhibit brittle failure modes. The failure can occur at lower 

than expected levels due to the various flaws present in composite laminates. Thus, it is important 

to predict and understand the sensitivity of a composite laminate to these flaws in order to evaluate 

its structural integrity. To ensure safe operation and to prevent catastrophic failure, the composite 

laminate designed for primary aircraft structures must meet damage tolerance and durability 

requirements. All composite structures are prone to damage during their service life. This damage 

can be initiated due to applied loads or as the result of flaws within the panel during fabrication. 

One of the major types of defects in a composite laminate is porosity, which results in failure due 

to delamination. Porosity occurs because of shortcomings in the manufacturing process. The 

quality of the pre-preg material used for manufacturing the composite laminate also influences the 

presence of porosity. Depending upon the amount and location of the porosity, the structural 
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strength of the composite laminate under load is affected. Among the common manufacturing 

problems associated with the composite laminates, porosity is difficult to control and is of utmost 

importance. Porosity in the composite panel has a detrimental effect on it strength, leading to 

failure as the result of delamination. Due to the nature of applied loads on a curved-beam specimen, 

the porosity present in the curved section greatly reduces the interlaminar tensile strength of the 

test coupon. Voids are generally formed because of the entrapment of air pockets during the cure 

cycle of the composite. The polymer matrix byproducts form bubbles during the cure reaction, 

resulting in the formation of voids [23–25]. Voids are also formed when the fibers are not 

adequately wetted by the resin. A poor vacuum source and leakage of pressure through vacuum 

bagging also results in the formation of voids [25]. As a result, the effects of void content on the 

mechanical properties of a composite laminate have been extensively studied.  

The effects of porosity on strength and durability have been investigated by Ratwani [26], 

and it was reported that strength of the composite panel was reduced by 40% because the void 

content exceeded 2%. Costa et al. [27] defined a critical void content and investigated how the 

loading parameters and type of reinforcements affected the void content. Jeong [28] investigated 

the effects of voids on the mechanical strength of composite laminates and concluded that the shear 

strength of unidirectional composite laminates reduced significantly as compared to fabric 

laminates as the unidirectional laminates are more sensitive to void content. Hamidi et al. [29] 

investigated the effect of packing on void content and reported a 92% reduction in porosity when 

compared to unpacked composite laminate. Zhu et al. [30] investigated the effects of voids in a 

carbon/epoxy laminated composite and reported a decrease of interlaminar shear strength with the 

increase in void content. It was also found that voids influence the initiation and propagation of a 
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crack growth. Tang et al. [31] investigated the effect of cure pressure on void content and its effects 

on the mechanical properties of a composite laminate.  

 To prevent premature damage in composites self-healing microcapsules with graphene 

nanoparticles were developed. The microcapsules were fabricated as described in Chapter 2 of this 

dissertation. After confirming the formation of the microcapsules and the encapsulation of 

graphene nanoparticles, glass fiber and epoxy composite laminates were manufactured with 

microcapsules dispersed in the resin system. Tensile testing was performed to determine the 

strength gain in the composite. Three different composite panels were manufactured: a baseline 

composite panel without any microcapsules, a composite panel with DCPD microcapsules, and a 

composite panel with graphene nanoparticle-induced microcapsules.  

 It is made well aware from the literature review that the diameter of the microcapsule has 

a significant effect on the healing efficiencies. Healing efficiency is determined by the amount of 

the load-carrying capability regained after the initial failure of the composite. To reduce the cost 

of development for efficient self-healing, a three-dimensional (3D) FEA model for the 

microcapsules was developed to determine the correct physical parameters for the capsules. In 

addition, composite panels from a carbon fiber pre-preg material were fabricated to determine the 

short-beam shear, mode 1, and ILT strengths of a composite. The stiffness values obtained by the 

mechanical testing were used while performing the sensitivity analysis to determine the elastic 

properties for the FEA modeling using Abaqus software. The G1C model was developed, and it 

was found that results from the FEA model are in good agreement with the mechanical testing. 

After the initial failure of the FEA model, the elastic properties for the self-healing microcapsules 

were incorporated into the G1C model to determine the possible healing efficiencies. 
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3.2 Materials and Methods 

To manufacture the self-healing microcapsules, a beaker of 50 ml of deionized water was 

placed on a hot plate. Then, 12.18 ml of 2.5 wt% aqueous solution of EMA was added to the beaker 

under high-speed stirring at 1,000 rpm. Simultaneously, 1.25 g of urea, 0.125 g of ammonium 

chloride, and 0.125 g of resorcinol were added to this solution. The pH of the solution was raised 

from 3.12 to 3.50 by adding sodium hydroxide. A drop of 1 octanol was added to prevent surface 

bubbles. A slow stream of 14.75 g of dicyclopentadiene, which is the healing agent, was added to 

this solution and allowed to stabilize for 5 minutes.  

After stabilization, 23.18 g of formaldehyde was added to the solution. Then the entire 

solution was stirred continuously for 4 hours at a temperature of 450C. It was observed that after 

4 hours of agitation urea-formaldehyde microcapsules were formed. The entire mixture was then 

allowed to cool to ambient temperature. The microcapsules were separated from the solution under 

vacuum and were washed five times with deionized water to remove excess solvent.  The 

microcapsules were then allowed to air dry for 24 to 48 hours. Similarly, nanoparticle-induced  

microcapsules were manufactured by incorporating graphene into the shell wall and also 

encapsulating it along with the self-healing polymer. Figure 3.1 shows the macroscopic image for 

the DCPD and graphene microcapsules, and Figure 3.2 shows SEM images of the microcapsules.  

       

Figure 3.1. Self-healing microcapsules with DCPD (left) and with DCPD and graphene (right). 
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Figure 3.2. SEM image of urea-formaldehyde self-healing microcapsule. 

3.3 Results and Discussions 

Glass fibers were used for manufacturing the laminate along with EPON 828 resin. 

Diethylenetriamine was used as the epoxy hardener. Three laminates were manufactured. One with 

no microcapsules, which served as the baseline, another with the self-healing microcapsules, and 

another with self-healing microcapsules encapsulated with graphene nanoparticles. The composite 

panels were fabricated with various weight percentages of the microcapsules (2%, 4%, and 6% by 

weight). High-speed stirring was used to ensure the uniform dispersion of microcapsules in the 

epoxy.  Then the laminates were cured at room temperature for 48 hours in vacuum. These panels 

were machined into test specimens, and tensile tests were performed. The test coupons from each 

laminate were tested for tensile strength and stiffness. The diameter of the microcapsules used for 

dispersion varried between 200 and 230 µm. Figure 3.3 shows tensile test results.  

Test results show that for microcapsules with a diameter between 200 and 230 µm and at 

a concentration of 2% by weight, there would be an increase of tensile strength by 35% for the 

graphene-encapsulated microcapsules and an increase of 19.5% for the microcapsules with DCPD 

polymer. These results show a different trend than that reported by Lai [34] and Rzeszutko et al. 

[35] who reported a decrease in tensile strength. Our results showed an increase for 2% by weight 
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and a decrease at higher concentration, possibly due to agglomerations. The increase in strength is 

because of the crack arrest and toughening mechanisms of the composites caused due to the 

inclusion of microcapsules. The four steps for crack arrests include (you can expand this part as 

much as possible): 

 DCPD and resin polymerization 

 The shell wall material of the microcapsules 

 The geometry of the spheres 

 Graphene blockage 

 

 

Figure 3.3. Tensile test results for self-healing microcapsules incorporated into glass fiber  

and epoxy composite. 

 

 The purpose of self-healing capsules is for them to rupture during a crack propagation and 

release polymer into the crack front. Various SEM images have confirmed that as cracks 

propagated through tensile test coupons, the capsules ruptured, releasing DCPD and graphene into 

the crack front. Figure 3.4 shows SEM images of the ruptured microcapsules, and Figure 3.5 shows 
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graphene particles in the crack front, which further act as load carriers, thereby increasing the 

strength of the composite. 

       

Figure 3.4. SEM images of crack filling with self-healing polymer after microcapsule rupture. 

 
 

Figure 3.5. SEM image of graphene particles acting as load carriers between fiber plies  

after microcapsule rupture. 

 

3.4 FEA for Microcapsules 

It is well documented in the literature review that the diameter of the microcapsule plays a 

significant part in the self-healing efficiencies and the crack propagation behavior in the epoxy 

system. It is also known that the physical characteristics of the capsules determine the load-

carrying capability of the composite laminate. It is expensive to experimentally determine the 

optimum characteristics for the microcapsules. Therefore, 3D FEA models were developed so the 
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load-carrying capability of the microcapsule could be investigated by changing the diameter and 

shell-wall thickness of the capsules in Abaqus. The rule of mixtures was implemented to determine 

the elastic properties of the microcapsules. Then the FEA models were incorporated with that 

elastic property, and the results were compared with the literature. After validating the model, the 

elastic property for the graphene-incorporated microcapsules was determined. From the 

characterization results, it was clear that the shell wall was also made from graphene and hence 

the properties for graphene were also taken into account.  

 E x 100 = E DCPD + E urea-formaldehyde + E graphene  (3.1) 

It was found that the elastic modulus for the DCPD microcapsules is 3.8 Gpa, which is 

comparable to that property reported by Sottos et al., and the elastic property for graphene-induced 

capsules is 19.76 Gpa. Abaqus was used to model the microcapsules. The load vs displacement 

and stress vs strain data were investigated, and the modulus obtained from the analysis was in good 

agreement with the rule of mixtures and the literature review. Figure 3.6 shows the 3D model for 

the microcapsule. Then the model was loaded to a displacement that was determined 

experimentally by Sottos et al. The stress and strain values obtained from the analysis were used 

to calculate the Young’s modulus, and that value correlates with the literature review. Figure 3.7 

shows the microcapsule under loading. 

 

Figure 3.6. 3D model for microcapsule. 
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Figure 3.7. Microcapsule under loading. 

 

After validating the model, the load-carrying capability of the capsule with diameters and 

shell-wall thicknesses was investigated. It was observed that the load-carrying capability increases 

with a decrease in the diameter of the microcapsule. This is because at lower diameters, the surface 

is high and therefore the load-carrying capability is higher. Having a smaller diameter for the 

microcapsules also improves the dispersion kinetics of the microcapsules in the resin. However, 

by reducing the shell-wall thickness, the load-carrying capability is reduced significantly. In 

addition, the FEA model for the graphene nanoparticle-induced microcapsules was developed. By 

keeping the diameter and the wall thickness constant, the results showed a five times improvement 

in the strength characteristics of the graphene microcapsules when compared to the DCPD 

microcapsules. Figure 3.8 shows the load vs displacement for various diameters, Figure 3.9 shows 

the results for microcapsules with different wall thicknesses, and Figure 3.10 shows the load-

carrying capability improvement by incorporating graphene. 
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Figure 3.8. Load vs displacement for microcapsules with different diameters. 

 

 

Figure 3.9. Load vs displacement for microcapsules with different shell-wall thicknesses. 
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Figure 3.10. Load vs displacement for microcapsules with and without graphene. 

3.5 Incorporating Microcapsules into G1C Model Using Abaqus Software 

The main objective of this study was to incorporate microcapsules into a composite 

laminated to prevent failure from delamination and to increase its service life. The goal was to 

develop FEA models that can predict the healing efficiencies. To develop these models, short-

beam shear, mode 1, and four-point bending experimental tests were conducted on the composite 

laminates to determine the stiffness of the composite under various loading conditions.    

3.5.1 Short-Beam Shear Test 

The short-beam shear strength testing of the polymer composite was performed according 

to the ASTM D2344/D2344 M testing standard. Here the beam was loaded in three-point bending. 

This test accommodates a coupon thickness of up to 0.25 in. The coupon rested on two pins at the 

ends of the cross section of the coupon and was loaded at the center by a loading pin. The failure 

mechanisms in this test setup were mostly because of the interlaminar properties of the composite. 

The length-to-span ratio of the test coupon was 4. The panel for the SBS test was manufactured 

using 36 plies, and the test coupons were machined to the required dimensions. After testing the 

panels, the short-beam shear strength was calculated by the following formula: 
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  (3.2) 

where Fsbs is the short-beam strength, Pm is the maximum load, b is the specimen width, and h is 

the specimen thickness. Figure 3.11 shows the test setup for SBS, and Figure 3.12 shows a typical 

load vs. displacement curve. Table 3.1 shows SBS test results. 

 

Figure 3.11. SBS test setup [36]. 

 

Figure 3.12. Load vs. displacement curve. 
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TABLE 3.1 

 

SBS TEST RESULTS 

 

SBS RESULTS 

Specimen Number Stiffness (lb/in) 

1 131763.3 

2 134980.44 

3 135225.61 

4 135381.69 

5 133410.99 

AVERAGE 134152.4 

STANDARD DEVIATION 1386.1 

COEFFICIENT OF VARIATION [%] 1.00 

 

3.5.2 G1C Mechanical Test 

The mode 1 test panel has 36 plies with a Teflon film separating the two halves. The test 

method determines the interlaminar fracture toughness in mode 1 and is confined to unidirectional 

fiber composites. Polymer composites are susceptible to failure due to delamination. This test 

method provides the interlaminar strength, which can be used in damage tolerance analysis. This 

test method is independent of the geometry of the specimen. Figure 3.13 shows the schematic 

diagram of the test panel. Table 3.2 shows the G1C mode 2 test results, and Table 3.3 shows the 

G1C mode 1 stiffness results 
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Figure 3.13. Schematic diagram of test panel. 

 

TABLE 3.2 

G1C MODE 2 TEST RESULTS 

Specimen Number 
G1C (NL)  

(KJ/m^2) 

G1C (VIS)  

(KJ/m^2) 

G1C (5%)  

(KJ/m^2) 

1 0.22480 0.24290 0.25725 

2 0.391519 0.376402 0.423889 
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TABLE 3.2 (continued) 

 

TABLE 3.3 

G1C STIFFNESS VALUES 

G1C STIFFNESS VALUES 

Specimen Number Stiffness (N/mm) 

1 32.23411 

2 23.12658 

3 19.39883 

4 14.08511 

5 29.08814 

AVERAGE 23.6 

STANDARD DEVIATION 6.5 

COEFFICIENT OF VARIATION [%] 
27.70 

 

3.5.3 Sensitivity Study on Elastic Properties for Cohesive Elements 

Sensitivity analysis was performed based on the stiffness values obtained from the 

experimental testing. SBS, mode 1, and ILT models were created, and the cohesive layers were 

assigned elastic properties. The stiffness values obtained from the models were compared to the 

experimental values. Table 3.4 shows elastic properties from the sensitivity study. 

3 0.544053 0.236781 0.595800 

4 0.391919 0.012735 0.410903 

5 0.254249 0.282157 0.296482 

AVERAGE 0.361 0.230 0.397 

COEFFICIENT OF 

VARIATION [%] 
35.374 58.109 33.350 
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TABLE 3.4 

ELASTIC PROPERTY VALUES 

Knn Ktt 
Stiffness in 

SBS Test 
Stiffness in 

ILT Test 
Stiffness in 

G1C Test 
SBS Error 

(%) 
ILT Error 

(%) 
G1C Error 

(%) 

2.1 2000 20048   28 –85   22 

2.1 1000 20000   27.9 –85   21 

2.1 500 20000   27.8 –85   21 

2.1 240 19024 553 27.4 –86 –78 19 

2.1 120   547   –88 –78 12 

2.1 15       –90   –5 

210 240 159053 2403 35 20 –5 52 

105 240 139023   34.5 5   50 

95 240     34     48 

2.1 240 19024   27.4 –86   19 

420 120 145139     9     

210 120 134314 2369 34 1 –6 48 

105 120 119063     –10     

420 105     34     48 

1000 100 142732     7     

1000 90     33     43 

210 60 102812     –23   25 

420 60 109299     –18     

7000 40     30     30 

5000 20     27     17 

200000 15 48899   24.9 –63   8 

20000 15 48885   24.9 –63   8 

2000 15 48405   24.8 –64   8 

200 15 44957   24.6 –66   7 

20 15 31121   23.7 –77   3 

10000 10     22     –4 

14000 8 30307   21 –77   –9 

 

3.5.4 G1C Modeling Using Element-Based Cohesive Behavior 

A 36-ply model for G1C was designed to mimic the experimental setup. To mimic the 

experimental behavior, separate parts were modeled for each fiber and resin layer. The fiber and 
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matrix parts were tied to each other using a “tie” constraint. The matrix was given a cohesive 

element behavior because cohesive elements allow for detailed modeling of the adhesives. 

Cohesive behavior is used to model gaskets, adhesives, and bonded interfaces. This 

behavior enables the modeling of delaminations in composites and the progressive failure of 

adhesives. The cohesive behavior relates to the traction across the interface to the separation. The 

two types of cohesive behavior are element based and surface based. Element-based cohesive 

behavior or cohesive elements were used for this research for the following reasons: 

 Cohesive elements allow for detailed modeling of the bonds. 

 Cohesive elements allow modeling an adhesive layer of finite thickness. 

 Detailed material properties for the adhesive can be specified. 

 Cohesive elements provide control of the connecting mesh. 

Cohesive elements have a definite thickness and can be used to model delaminations. They 

can also be used to model brittle or ductile fracture for linear-elastic fracture mechanics or elastic-

plastic fracture mechanics. Since cohesive elements are used to bond the fiber layers, the elastic 

properties and the fracture toughness of the cohesive element layer must be specified. Models with 

cohesive elements do not need to have an initial crack. The constitutive responses of the cohesive 

elements were modeled using the “traction-separation” approach. Cohesive elements can be used 

in the model where crack growth or delamination is expected. 

3.5.5 Constitutive Response of Cohesive Elements 

The constitutive response that can be used for the delamination application is referred to as 

the traction-separation law. It can be used for modeling composites where the interface thickness 

is small or negligible. It allows for the modeling of mixed-mode behavior and when the failure 

occurs with the degradation of material stiffness. The traction-separation law is characterized by 
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the peak strength (N) and the fracture energy (GTC). Figure 3.14 shows the traction-separation 

constitutive model. 

 

Figure 3.14. Traction-separation response model [37]. 

The traction-separation model has four parts:  

 Linear Elastic Behavior: This behavior is observed before the damage occurs and is 

governed by the elastic properties of the cohesive elements. The elastic properties were 

determined by performing sensitivity analysis of G1C, SBS, and ILT. The obtained Knn, 

Kss, and Ktt values were 210 Mpa, 120 Mpa and 120 Mpa, respectively, which were in good 

agreement with the stiffness obtained from the experimental results.  

 Damage Initiation Criterion: A number of damage initiation criteria are available in 

Abaqus. The maximum nominal stress criterion (MAXS), which was used for all models 

in this research work, is given by 

  (3.3)  

Linear Elastic 

Behavior 

Damage Initiation 

Damage Evolution 

Element Deletion 
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where σn is nominal stress in the pure normal mode, σs is nominal stress in the first shear 

direction, and σt  is nominal stress in the second shear direction. Once the output variable 

associated with damage initiation criteria reaches a value of “1,” the degradation of the 

element stiffness is evident, and the damage evolution law is activated. The peak values of 

nominal stresses (Nmax, Smax, Tmax) must be defined for activation of the damage initiation 

criterion. 

 Damage Evolution Law: The post-damage initiation response is given by 

  (3.4) 

where “d” is the damage variable. When d = 0, it is undamaged, and when d = 1, the element 

is damaged. The damage evolution law is characterized by “energy” (GTC) under the 

traction-separation curve, as shown in Figure 3.14, or the displacement at failure (δn
fail). 

For this research, the energy-based damage evolution law was used. 

 Element Deletion: After the damage initiation and damage evolution laws are satisfied, the 

element loses its stiffness and can be removed from the analysis. Element deletion has no 

effect on the behavior of the structure.  

A 3D half model for G1C mode 1 was successfully modeled with material properties in 

appropriate orientations. Figure 3.15 shows the 3D model for G1C and a close up view of the fiber 

and resin layers, which are tied together using the tie constraint. Figure 3.16 shows the failed 

cohesive elements, and Figure 3.17 shows the stress acting only on the matrix parts (cohesive 

elements) throughout the model cross section. 
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Figure 3.15. G1C model (left) and close-up view (right) of fiber and matrix interface. 

 
 

Figure 3.16. Failed cohesive elements under loading. 
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Figure 3.17. Stress acting only on matrix parts (cohesive elements) throughout  

model cross section. 

 

The model initially was run until the displacement, at which time the experimental test 

coupon began to lose its stiffness. Stress values at that displacement were calculated and used as 

input for the damage initiation criterion. Also, the fracture energy was calculated and used for the 

damage evolution law. The model with damage initiation and damage evolution criterion was run 

until failure, and the load vs. displacement data was compared to the experimental results. As 

discussed earlier, damage initiation occurs when 
𝜎𝑛

𝑁𝑚𝑎𝑥
 reaches a value of 1. It has also been 

discussed that for the damage evolution, the damage variable needs to reach a value of “1.” Figure 

3.18 shows output for the damage initiation criterion, while Figure 3.19 shows output for the 

damage evolution law. Figure 3.20 shows the traction separation law for failed elements. 

Failed Cohesive Elements 
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Figure 3.18. Damage initiation criterion. 

 

 

Figure 3.19. Damage criterion “d” reaching value of 1 for failed cohesive elements. 
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Figure 3.20. Traction separation law for failed elements. 

Figure 3.21 clearly shows that the results obtained from FEA match the experimental 

results. After the initial load drop, the elastic properties of the self-healing microcapsules, which 

were determined in the previous sections, were assigned to the cohesive layers. This mimics the 

experimental process reviewed in the literature, whereby a G1C coupon is initially loaded until the 

first failure occurs. Then the coupon is allowed to heal for times ranging between 30 minutes and 

48 hours for self-healing to occur before it is tested again to determine the healing efficiencies. 

From Figure 3.22, it is possible to predict that the healing efficiencies for mode 1 analysis with 

graphene microcapsules could be up to 42% and with DCPD microcapsules could be up to 20%.    
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Figure 3.21. Force vs. displacement comparison between experimental and analysis results. 

  

 

Figure 3.22. Load vs displacement comparison for healed specimen. 
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3.6 Conclusions 

The self-healing microcapsules with and without nanoparticles were successfully 

integrated into glass fiber composites where there was an increase in tensile strength of 35% 

between the baseline and the nanoparticle-incorporated self-healing capsules for 2% by weight 

loading. Three-dimensional FEA models were developed to predict the appropriate physical 

properties for the capsules for maximum strength characteristics. It was observed that the load-

carrying capability of the microcapsules increased with a decrease in the diameter, and the strength 

values decreased with a decrease in the shell-wall thickness. In addition, the self-healing 

microcapsules with graphene nanoparticles have the capability to carry five times the load when 

compared to the DCPD capsules. Additional FEA models for G1C were developed using cohesive 

elements. The elastic properties were determined using a sensitivity study based on the stiffness 

values achieved for the SBS test and G1C during mechanical testing. After the initial load drop, 

the elastic properties for the microcapsules were incorporated into the G1C model to predict the 

healing efficiencies. It was observed that the healing efficiency would be 42% for graphene 

microcapsules and 20% for DCPD microcapsules.    
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CHAPTER 4 

 

SUPPRESSING FAILURE DUE TO FREE-EDGE EFFECTS IN FIBER-REINFORCED 

COMPOSITES 

 

4.0 Abstract 

 

The composite laminates possess orthotropic mechanical properties with excellent 

mechanical properties in the fiber reinforcement direction but it is susceptible to failure in the 

thickness direction. This causes the composite to fail due to delamination between the fiber layers. 

This study is aimed at determining the interlaminar tensile (ILT) strength of curved beam laminate 

and methods to suppress failure due to delaminations by suppressing the free edge effects and by 

incorporating self-healing microcapsules and to extend its service life. In an earlier work curved 

specimen with a 900 angle have been manufactured and were wrapped using a glass fiber pre-preg 

and an aluminum clamp to suppress the free edge effects and the strength was increased by 21% 

for the wrapped coupons and by 25% for the coupons with metal clamps. In this work finite 

element models were developed to simulate the traction-separation behavior by using cohesive 

elements to validate the experimental results. The concept of self-healing was introduced where 

the elastic properties of the microcapsules with and without graphene nanoparticles were 

incorporated into the FEA models after the initial failure to predict the healing efficiencies. It has 

been observed that the with self-healing microcapsules 43% of the load carrying capability of the 

baseline sample can be recovered and 79% for the capsules incorporated with graphene nano 

particles.   

4.1 Introduction 

Composite materials find applications in various industries due to their excellent 

mechanical and other physical properties. The aerospace industry uses composites extensively 

because of their low weight and high strength. The manufacturing process of the composites is 
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challenging, and care needs to be taken to avoid flaws in the composite [1–6]. Carbon fiber-

reinforced composites are a non-homogeneous type of material, and the machining process plays 

a significant role in determining the strength of the composite. The surface roughness of the 

machined composite also has a significant effect on the service life of the composite. Because of 

the heterogeneous nature of composites, free edges in a composite laminate can induce additional 

stresses and accelerate the failure during service [7–9]. At these free edges, highly localized 

interlaminar stresses with steep gradients develop [2]. This phenomenon can result in failure of 

the composite in undesired modes, including delamination and inter-ply debonding [2].  

These delaminations severely affect the structural integrity and durability of the laminate.  

If the surface roughness of a machined edge is high, then the number and size of microscopic flaws 

at the free edge are increased, and the probability of free-edge failures is increased.  Under load, 

there exist highly localized stresses at these free edges, which will cause a microcrack to propagate 

through the composite and grow into macrocracks, thus resulting in the failure of the composite 

[10–17]. Numerous studies have been conducted on the effects of free edges on a composite, but 

due to the complex nature of the mechanism, it still attracts considerable research interest [17–37].   

Many studies have been done in predicting the failure mechanism and the load that a curved 

laminate with different geometries and orientations can withstand. This research work is aimed at 

increasing the interlaminar tensile (ILT) strength of a curved laminate specimen [9–12]. This goal 

has been achieved by making certain modifications to the curved specimen to reinforce the curved 

section of the specimen. In this study, the curved section was reinforced using metal clamps that 

were fitted to the machined edges of the curved laminate coupons. These clamps were 

manufactured using an aluminum 7075-O alloy to fit the tight radius and thickness of the curved 

test coupons. A separate die was manufactured for the production of the metal clamps. This 
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technique was intended to suppress failure due to free-edge effects and to contain the damage 

initiation due to delamination.  

A glass/epoxy fabric pre-preg was used to wrap the entire radius section of the test coupons. 

This pre-preg was cut into 13-by-0.5-inch strips for ease of wrapping. The wrapping was limited 

to the radius section of the test coupon. Each ply in the wrap was oriented in the ±45° direction.  

Coupons wrapped with the glass/epoxy pre-preg were then cured in an oven with a specified cure 

cycle for the glass/epoxy pre-preg. The pre-preg was wrapped around the curvature of the 

composite test coupon to delay its failure. The test coupons were manufactured from the same 

panel and tested for ILT strength using baseline (no edge reinforcement) and reinforced test 

coupons. The ASTM D 6415 (four-point bend test) testing standard was used to test the coupons 

for ILT strength (Figure 4.1) [3].  

 

Figure 4.1. Four-point bend test setup [3]. 

This research was also aimed at increasing the service life of composite-curved laminates 

by reducing or eliminating failure caused by localized free-edge stresses and to recover the baseline 
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strength values by incorporating self-healing technology. This was implemented using FEA 

models.  

4.2 Experimental 

4.2.1 ILT Coupons 

A carbon/epoxy tape pre-preg material was used to manufacture the curved laminates 

panels. The lay-up was done by using a selected symmetrical stacking sequence which contained 

0°, 45°, -45°, and 90° plies. Thirty (30) plies were used to manufacture the curved laminate. The 

lay-up was then bagged and vacuumed for 24 hours to reduce the presence of porosity. After 24 

hours of debulking, the lay-up was cured in an oven with a specified cure cycle. The lay-up was 

under vacuum pressure while being cured in the oven [39-42]. Figure 4.2 show the cured curved 

beam composite. The laminate was then machined as per ASTM D6415 for four point bend testing 

to determine the ILT strength. Figure 4.3 shows the specifications for the test specimen. 

 

Figure 4.2- Cured curved beam laminate. 
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Figure 4.3- Test specimen geometry as per ASTM D 6415 (1 inch equals to ~25.4 mm) [3]. 

The coupons were then fitted with metal clamps and glass pre-preg at the radius to suppress 

the failure due to free edges and to increase the strength of the composite [39-42]. The test results 

show that the ILT strength increased by 25% when metal clamps were used and by 21% when it 

was wrapped with glass pre-preg material [39-42]. FEA was performed and the models were 

validated with experimental testing. 

4.2.2  Finite Element Modeling  

Finite Element Analysis (FEA) has been performed for ILT coupons to predict the 

experimental results. Models for ILT have been prepared for the baseline, metal clamps reinforced 

coupons and the wrapped coupons. The force vs. displacement response for all the models has 

been matched to the experimental results. All the models were prepared using cohesive elements 

for the matrix and 3D stress elements for the fibers. The matrix and the fiber parts in the models 

have *Tie* constraint at the interface. Traction-separation approach was used to model the 

constitutive response of the cohesive elements as mentioned in chapter 3. 

Because of the complex and unexpected failure mechanisms of curved beam laminates 

under loading, it was deemed essential to improve the ILT strength and to predict and evaluate the 

failure using finite element analysis. To improve the ILT strength as discussed in the previous 
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chapters, two methods were employed. The first method used was metal clamps as reinforcement 

at the radius and the second approach was a “wrapping” technique where the radius of the test 

coupon was wrapped with another pre-preg material. The pre-preg material used for wrapping was 

then cured. We have seen a considerable amount of increase in ILT strength using the above two 

techniques. ABAQUS models were developed to predict the strength obtained with mechanical 

testing. As mentioned in previous sections of the report, we manufactured unidirectional test 

coupons, stacking sequence panel, metal clamps reinforced coupons and wrapped coupons. The 

metal clamps and wrapping was employed to the test panels with stacking sequence. The 

unidirectional coupons were used for porosity studies. Abaqus models for all the above cases have 

been developed.  

 Cohesive elements have been used to model delaminations in the curved beam (ILT) test 

coupons. These elements are chosen because they allow for the detailed modeling of the adhesive 

layer. The usage of cohesive elements also enable us to find the stress state at any point in the 

cross-section of the model and at any point during the analysis as the coupon is under loading, 

thereby giving the design engineer accurate results to predict the failure point. The panel for 

mechanical testing was manufactured using 30 plies. To mimic the experimental results, the abaqus 

model was also modeled using 30 plies. Different parts were created for fiber and the matrix of the 

composite. Cohesive elements were used to model the matrix layers for all the models. The fiber 

and the matrix layers were *tied* at their interface.  

 To determine the elastic properties for the FEA models, the composite panels were 

manufactured and tested for short beam shear (SBS) test, mode 1 test and the ILT test. A sensitivity 

study was conducted for the elastic properties of the cohesive elements based on the experimental 

stiffness results. The failure due to delamination in a four point bending coupon occurs between 
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the center plies. Once the initial delamination occurs we see a drop in the load carrying capability 

of the coupon. To predict the self-healing efficiencies, the elastic properties of the microcapsules 

were applied to the center plies of the ILT model. Loads were applied on the model to determine 

the load carrying capability of the test specimen. The percentage difference was calculated 

between the load carrying capability of the baseline samples and the sample with the self-healing 

properties and compared.  

4.3  Results and Discussions   

4.3.1  G11C Analysis 

This test has emerged as the most commonly used test method for quantifying GIIc for 

metallic and laminated polymer composite adherends. The ENF test is essentially a DCB specimen 

loaded in three-point flexure. The dimensions are similar to those employed for the DCB specimen. 

The edges of the test specimen are coated with white pigment to enable to locate the crack tips. 

The test coupon is then loaded into the three point loading fixture and load is applied to it at 

0.1in/min until the crack propagates. After the crack arrest, the load vs. displacement data is 

recorded and the coupon is repositioned in the fixture to the new crack tip. This procedure is 

repeated three times and the critical load and compliance for crack growth are calculated. Figure 

4.4 shows the pre-crack and test loading configurations and Table 4.1 shows the G11C test results. 

Figure 4.5 shows a typical load vs. displacement plot of G11C test.  
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Figure 4.4- Pre-crack and test loading configurations [46]. 

Table 4.1- G11C test results 

No. of Specimens Critical Load (lb) Gll c (in-lb/in^2) Gll c (kJ/m^2) 

Specimen 1 313.11 3.390 0.594 

282.61 3.213 0.563 

- -  - 

Specimen 2 375.93 4.551 0.797 

551.13 7.952 1.393 

376.56 4.300 0.753 

Specimen 3 365.62 4.281 0.750 

418.17 5.207 0.912 

434.02 5.331 0.934 

Specimen 4 364.09 4.225 0.740 

393.81 4.512 0.790 

350.55 3.843 0.673 

Specimen 5 451.45 5.823 1.020 

318.54 3.660 0.641 

487.51 6.408 1.122 

Average 391.65 4.764 0.834 
COEFFICIENT OF 

VARIATION [%] 
18.427 27.129 27.129 
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Figure 4.5- Load vs. displacement for G11C testing. 

The compliance of the crack growth is calculated using a line drawn tangent to the linear 

portion of the load vs. displacement curve. Once the compliance is calculated, the mode 11 

interlaminar strain energy release rate is calculated by using the formula, 

…..(4.1) 

Where, a= crack length 

            P= critical load 

            C= compliance 

            W= width of the specimen 

            L= half-length of loading span 
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Since the compliance is calculated using the linear portions of the load vs. displacement 

curve, the ABAQUS model for G11C did not have damage initiation or damage evolution criteria. 

The model was designed to mimic the slope of the load vs. displacement from the experiments. 

The model consisted of 36 plies. As we are using cohesive elements for matrix, each fiber and 

matrix layers have been modeled separately. The fibers and the matrix were *tied* at the interface 

and then the load was applied. The compliance is calculated by C= D1-D0/P-P0 from the load vs. 

displacement curve as shown in Figure 4.6. Figures 4.7 and 4.8 show the model before and after 

loading, while Figure 4.9 shows the comparison between the experimental and the analysis results 

for the pre-crack configuration. This test was performed to confirm the validity of the elastic 

properties of the matrix for FEA modeling. 

 

Figure 4.6- Load vs. displacement curve. 
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Figure 4.7- ABAQUS model before loading. 

 

Figure 4.8- The model under loading. 
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Figure 4.9- Comparison of load vs. displacement data of the experimental and finite element 

analysis model. 

4.3.2 Curved Beam Laminate 

The baseline model for the stacking sequence lay-up was constructed. The orthotropic 

material properties were applied to the fiber layers, and then the orientation of the fibers was 

adjusted accordingly. The elastic properties for the matrix layers have been determined from the 

sensitivity studies conducted on the linear portion of the load vs. displacement curves of SBS, ILT 

and G1C mechanical tests. The knn, kss, ktt values obtained were 210Mpa, 120Mpa and 120Mpa, 

respectively. A half model was developed and the necessary symmetries were applied for the 

model. Figure 4.10 shows the assembly of the stacking sequence model and Figure 4.11 shows the 

symmetries applied on the model. 

0

50

100

150

200

250

300

350

400

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

F
o

rc
e 

(l
b

f)

Displacement (in)

Experiment vs CAE

Force vs Displacement (Pre-Crack)

Refine
d

Abaqus model

Experimental



127 

 

Figure 4.10- Abaqus model for curved beam test coupon as per ASTM D 6415. 

 

Figure 4.11- Symmetries applied on the model. 
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After meshing, the model was initially given a displacement where damage initiation was 

observed in the experimental testing. The load vs. displacement and the slope was compared to the 

experimental test results. At this point, the nominal stress was calculated and the obtained stress 

and the energy value were used for damage initiation and damage evolution criterion. Viscous 

regularization and damping factors have been used to aid in the convergence of the analysis. After 

inputting the damage initiation and damage evolution criterions, the loading pins were displaced 

beyond the damage initiation point. From the experimental results and literature review, it has been 

learnt that the initial delamination begins right at the center of the test coupon. Therefore, here the 

damage initiation and the damage evolution criterion were specified to the matrix (cohesive) layer 

which is in the middle of the cross-section of the model.  

Applying the failure criterion to the subsequent, cohesive layers were also tried but there 

was a difficulty in achieving numerical convergence and it was computationally expensive. The 

ASTM standard specifies that the load at the first load drop must be considered for the calculation 

of ILT strength. Thus, the model was confined to having a delamination at the center of the coupon 

where the delamination is visible and also the load drop. Figure 4.12 shows the delamination at 

the center of the coupon. Figure 4.13 shows the stress state on the matrix layer at the center at 

different steps, while Figure 4.14 shows the comparison of load vs. displacement curves between 

the experimental and analysis results. 
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Figure 4.12- Delamination at the center of the coupon. 

 

 

 

Figure 4.13- Stress state on the matrix layer at different steps.
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Figure 4.14- Load vs. Displacement comparison of experimental test results and ABAQUS 

model for the baseline stacking sequence model. 

After the baseline model was validated with the experimental results, the models were 

fitted with the metal clamps and the “wrap” at the curved sections. The metal clamp used was 

aluminum 7075 O alloy and the thickness is 0.020in. The clamp was placed only at the curved 

section of the coupon similar to the experimental. The clamps were used to suppress and to delay 

the damage of the test coupon due to delamination. The model again was initially run until the 

displacement where damage initiation was observed during the experimental testing. Then the 

nominal stress and the fracture energy were specified. It was observed during the experiments that 

under loading, the load is transferred to the clamp after the delamination of the test panel. Similar 

behavior was observed during the FEA analysis. Figure 4.15 shows the comparison of the 
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experimental test coupon and the ABAQUS model, whereas Figure 4.16 shows the delamination 

in the metal clamp reinforced coupon and figure 4.17 shows the load vs displacement comparison 

between the baseline and metal clamp reinforced coupons. 

 

 

 

 

 

 

 

 

 

Figure 4.15- Comparison between the ABAQUS model and the experimental test coupon. 

 

 

Figure 4.16- Delamination in the metal clamp reinforced coupon. 

Metal Clamp  
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Figure 4.17- Load vs. Displacement comparison between the experimental and abaqus model for 

metal clamp reinforced coupons. 

 

Another technique employed to improve the ILT strength was wrapping. A glass pre-preg 

was used to wrap the curved section of the test coupon. The ABAQUS model also was wrapped 

with glass pre-preg at the curved section and the analysis was performed. It was observed during 

the experiments that under loading the wraps were first detached from the coupon and then failure 

due to delamination occurred. Figure 4.18 shows the comparison of the ABAQUS model and the 

experimental test coupon. Figure 4.19 shows the model under loading at different time steps. Here 

we observe that the wrap detaches from the coupon before the onset of delamination. Figure 4.20 

shows the load vs. displacement comparison between the experimental results and the FEA results. 
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Figure 4.18- Comparison of wrapped test coupon in abaqus and the experimental coupon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19- Behavior of the wrapped coupon under loading. 

 

Wrap being detached 
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Figure 4.20- Load vs. Displacement comparison between experimental results and FEA results 

for the wrapped coupon. 

 

4.3.3  Incorporating Self-healing into Curved Beam Laminate 

After validating the models with the experimental results it was evident that the techniques 

implemented to increase the ILT strength by suppressing the free edge effects was successful. In 

order to develop a method where the crack propagating would heal automatically without human 

intervention and thus increase the service life of a composite, the FEA models were applied with 

the elastic properties of the self-healing capsules which were obtained using rule of mixtures 

instead of the properties of the resin system. The elastic properties were applied to the resin layers 

in the middle of the cross section of the test specimen. This method was chosen to simulate the 

activation of self-healing after initial failure. 

 During the modeling, homogeneous distribution of the microcapsules was assumed and it 

is not the purpose of this study to analyze the failure criterion with respect to the geometry of the 

capsules in the resin. The properties of the capsules with and without graphene nanoparticles were 
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analyzed. It was found that the capsules with graphene had the capability of recovering up to 79% 

of the virgin strength whereas the DCPD capsules could recover up to 43 % of the virgin strength. 

Figure 4.21 shows the load vs displacement comparison.  

   

 

 

Figure 4.21- Load vs Displacement for the self-healed ILT coupons.  

4.4  Conclusions 

 Angle bend composite laminates with a defined laminate stacking sequence were fabricated 
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to reinforce the free edges of the specimens and suppress the onset of delaminations induced by 

free edge effects. Reinforced test coupons demonstrated a 21% and 25 % of higher strength relative 

to the unreinforced baseline specimens, while the bending stiffness of the coupons was increased 

by approximately 6%.  These results indicate that the ply wrapping technique shows a huge 

promise for use in forestalling undesirable failure modes in the ILT curved beam test specimens.  

Finite element models were developed to simulate the strength properties. The FEA 

modeling is used to reduce the cost of development. To develop the models, the elastic properties 

of the resin system had to be determined. This was performed by testing the composite panels for 

short beam shear, mode 1 and ILT mechanical tests. The stiffness results were obtained were 

compared to the sensitivity study that was performed. The elastic properties thus obtained were 

used for the FEA models. The results obtained from the modeling were in good agreement with 

the mechanical testing. 

 Self-healing was successfully introduced into the FEA models for the ILT test coupons. 

The elastic properties were given to the resin layer in the center of the coupon in the through the 

thickness direction. It was found from the simulation results that by using DCPD microcapsules 

43% of virgin ILT strength can be recovered and by using graphene microcapsules, 79% of the 

ILT strength can be recovered.  
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CHAPTER 5 

 

GENERAL CONCLUSIONS 

 

 

Fiber-reinforced composites have found many applications in various industries in recent 

years because of their excellent mechanical properties. The cost of carbon fiber manufacturing has 

been reduced significantly in the last 20 years, which has led to their increased use in the aircraft 

and wind turbine industries for structural applications. One of the drawbacks of composites is that 

they exhibit brittle failure modes. The nano- and macrosized cracks that develop in the matrix 

during the manufacturing of fiber-reinforced composite laminates are difficult to detect and under 

loading will result in composite failure. In turn, the failed composite parts must be repaired or 

replaced, which is an expensive process. Therefore, to increase the service life of composites and 

to prevent the cost for repair, the concept of self-healing was developed by White et al.  

Self-healing is a process whereby a crack propagating through the matrix is healed by 

incorporating microcapsules along with a catalyst into the matrix filled with a healing polymer. As 

the crack starts to propagate, it ruptures the capsules and allows the polymer to flow into the crack 

front, resulting in polymerization as soon as it comes in contact with the catalyst. This has attracted 

much research interest where different healing agents have been used with a variety of catalysts to 

determine the healing efficiencies. The healing efficiencies are dependent on the physical 

properties of the microcapsules, such as the diameter and shell-wall thickness.    

One of the drawbacks for self-healing is the mixing of microcapsules and the catalyst into 

the resin system. These two components increase the viscosity of the resin and create new 

challenges during the processing of composites. In addition, the catalyst is expensive, which 

further increases the cost of manufacturing. To reduce the cost and challenges faced during 

processing, the goal in this research was to develop self-healing microcapsules with graphene 
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nanoparticles in the shell wall and also to encapsulate it within the self-healing polymer. The 

graphene shell wall would further enhance the toughness of the shell to protect the capsules from 

rupturing during the manufacture of the composites. Once the capsule ruptures, graphene, which 

is the strongest material, along with the healing agent flow into the crack front and heal it.  

In this work, self-healing capsules were manufactured by the method developed by White 

et al. and graphene nanoparticles were incorporated into the capsules. Two samples were 

manufactured: a baseline sample with the healing agent DCPD, as suggested by White et al. and 

graphene nanoparticle-induced microcapsules. The first step was to confirm the presence of 

graphene on the outer shell and also on the inside of the microcapsules. This was done by 

characterizing the microcapsules using various methods. A combination of SEM, EDS, FTIR, 

Raman spectroscopy, and DSC analysis confirmed the presence of graphene on the outer shell and 

on the inside of the microcapsule.  

The capsules were then used in the manufacturing of glass fiber epoxy composites to 

determine if there was any improvement in the strength of the composite. Three composite panels 

were constructed: a baseline panel without microcapsules, a panel with DCPD microcapsules only, 

and a third panel incorporated with graphene microcapsules. The microcapsules were incorporated 

at 2%, 4% and 6% by weight into the matrix. It was observed that under tensile loading, there was 

an increase of 35% in strength for the graphene-reinforced capsules and an increase of 19.5% for 

the DCPD capsules at 2% by weight loading. Also, there was a decrease in strength for high weight 

loading due to agglomerations. 

Another objective of this study was to develop FEA models for the microcapsules, which 

would determine the optimum physical characteristics of the capsules for maximum load-carrying 

capability. This would significantly reduce the cost of development for the self-healing concept. 
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Abaqus software was used to successfully model the microcapsules, and the elastic properties 

obtained from the analysis were confirmed by the literature, thus validating the model. It was found 

that the capsules with smaller diameters and thicker shell walls would have more load-carrying 

capability.  

In addition, 3D FEA models were developed for mode 1 and four-point bending coupons 

to study the healing efficiencies after the initial failure due to delamination. Carbon fiber-

reinforced composites were manufactured and mechanically tested for SBS, mode 1, and four-

point bending strengths. The stiffness results from the mechanical testing were used to perform a 

sensitivity study on the elastic properties to input for FEA modeling. Baseline models were created 

and validated with experimental results. Load was applied on the FEA models until there was an 

initial load drop, thereby suggesting failure due to delamination. The elastic properties of the 

microcapsules were then incorporated into the FEA models to determine the recovery of the load-

carrying capability, which in turn would establish the potential self-healing efficiencies. It was 

found from the analysis that for mode 1 loading, the self-healing efficiency for graphene 

microcapsules was about 42% and for the DCPD capsules was around 20%. However, for the four-

point bending specimen, healing efficiencies were about 79% and 43%, respectively. 
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CHAPTER 6 

 

FUTURE WORK 

 

 

The FEA models developed for the microcapsules could be used to determine their 

optimum physical properties. Then the capsules with those characteristics could be manufactured 

and incorporated into fiber-reinforced composites for mechanical testing to obtain maximum 

strength and healing efficiencies. The concept of self-healing could be further extended to 

composite repair by incorporating microcapsules at the interface of the parent composite and the 

repaired panel. From this study, it is believed that under fatigue loading, the repaired patch with 

the microcapsules will further increase the service life, but this must be validated through extensive 

testing. 

The FEA models developed for mode 1 and four-point bending could be used to further 

study crack propagation and failure analysis by incorporating the microcapsule geometry into the 

fiber-reinforced composites. Studies must be conducted on the feasibility of using these 

microcapsules during the manufacture of pre-pregs by mixing them into the resin system. In 

addition, the distribution of microcapsules in a composite laminate using resin transfer molding 

needs to investigated. 


