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Abstract 

Three phase FRP composites like carbon/(CNT+epoxy) are developed where the matrix 

dominated properties of FRP composites are enhanced to improve the performance. FRP 

composites though possess a very high specific strength and stiffness sometimes show poor 

performance when their interlaminar strengths are challenged. Especially when defects like 

ply break and embedded delaminations occur due to events like low velocity impact, 

delaminations usually grows at the interface of the broken and intact plies leading to the final 

fracture. These defects are sub-surface in nature many a time go unnoticed and results in 

catastrophic failure. It is therefore extremely important to strengthen the laminates against 

such failure. Resistance against such failures are decided predominantly by matrix 

dominated properties like interlaminar strengths. Therefore, three phase composites such as 

carbon/(CNT+epoxy) with modified matrix properties is expected to provide improved 

resistance against such failure. The present thesis thus aimed at investigating the 

performance of three phase carbon/(CNT+epoxy) laminates having internal flaws like ply 

break and impact induced embedded delamination subjected to loading with the specific 

objective of understanding qualitatively and quantitatively how adding CNTs to the epoxy 

enhances the resistance delamination growing from such defects. To study this, full 3D finite 

element analyses (FEA) have been carried out for carbon/(CNT+epoxy) laminates having 

two types of flaws viz. ply break and embedded delamination. Delamination at the interface 

has been modelled using a very thin resin rich layer and the interlaminar stresses around the 

ply break and embedded delaminations are obtained from the 3D FEA. Using the stresses 

and displacements from FEA, Virtual Crack Closure Integral (VCCI) has been used to 

determine strain energy release rate (SERR) components as measures of propensity of 

delamination. FE results show that delamination from such defects is a mixed mode 

phenomenon and in the case of embedded delamination the mode mix ratio also varies 

along the delamination front making the estimation of delamination growth difficult. 

Delamination at the interface arising from such flaws are observed to be influenced by many 

factors such as size, shape, relative fiber orientation, loading condition. Critical SERR as a 

measure of resistance to such delamination has been evaluated in the present work using 

stress based criteria and virtual crack closure integral from LEFM. From the results, it is 

clear that in the case of three phase carbon/(CNT+epoxy), addition of CNTs to epoxy leads 

to significant improvement in resistance to delamination at the interface from ply bear as 

well as from embedded delamination in all the cases studied. In addition, it was also 

observed that tendency of two neighbouring delamination to grow as a large delamination is 

also reduced by adding CNTs to the epoxy. However, results from the FE simulations also 

show that there is a limit till which CNTs could be added to the epoxy for best performance 

and beyond this the performance further reduces and it is important to know the limit to the 

adding CNTs will enhance the resistance to such delamination. 
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CHAPTER 1 

Introduction 

 

This chapter provides a brief overview of the work presented in this thesis, by presenting 

the background and the technical relevance of the problems undertaken, starting with the 

brief introduction of fiber reinforced polymer matrix (FRP) composites. Starting with the 

advantages and applications, commonly used defects in such FRP composites are presented. 

The need for improving the strength of FRP composites in the presence of such defects by 

adding carbon nanotubes (CNTs) to the matrix leading to the development of three phase 

FRP composites has been discussed leading to the motivation of undertaking the present 

work. 

1.1 Composite materials: Overview 

Monolithic metals and their alloys have been the most commonly used materials for 

different applications over the past few decades. They have properties like low specific 

strength, low specific stiffness, low corrosion resistance, more weight, etc. Due to poor 

properties, they were not meeting the demands of present day technology. Hence, there has 

been a considerable demand for new materials with improved desired properties. Though it is 

difficult to achieve all these properties in a single material, however, many of the desired 

properties could be attained in composite materials. 

The word ‘composite’ is derived from the Latin word compositus, which means “placed 

together”. Egyptians first made composites by reinforcing mud walls with bamboo sticks to 

build houses (1500 B.C.). Composite materials are made by one or more constituents 

combined macroscopically and do not dissolve in each other. They exhibit better properties 

than constituent materials such as reinforcement and matrix. The basic idea of the composite 

is to improve the properties of the matrix by incorporating reinforcement such as fiber, 

particles, or flakes. Generally, fibers are the principal load carrying constituents, while the 

surrounding matrix helps to keep them in their preferred location and orientation and acts as 

a load transfer medium between them.  

1.1.1 Classification of composites 

Composites are classified based on the geometry of the reinforcement used or based on 

the type of matrix used. Based on the geometry of the composites, they are classified into 

three types such as particulate composites, flake composites, and fiber composites [1]. 
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In particulate composites, particulates such as alloys and ceramics are immersed in matrices 

randomly. The advantages of such composites are enhancement in strength, increased 

operating temperature, and oxidation resistance. Common examples include using 

aluminum particles in rubber; silicon particles in aluminum; and sand, gravel, and cement to 

make concrete. In flake composites, flake materials such as glass, mica, aluminum, and silver 

are used as reinforcements dipped in matrices. Flake composites offer advantages such as 

high out-of-plane flexural modulus, low cost, and high strength.  

In fiber reinforced composites (FRCs), fibers are reinforced in matrices. Fibers are the 

main cause of strength and their function is to carry the load along the longitudinal direction. 

The matrix keeps all the fibers together and its function is to transfer the stress among the 

reinforcing fibers. The fibers in long fiber composites are continuous and are discontinuous in 

short fiber composites. The continuous fibers may be unidirectional or bidirectional and the 

discontinuous fibers may be aligned or present in random orientations as shown in Fig. 1.1. 

     

(a) (b) (c) (d) (e) 

Figure 1.1: Different types of fibers in composites (a) long fibers (b) short aligned fibers (c) random 

fibers (d) unidirectional continuous fibers (e) bi-directional continuous fibers 

 

Figure 1.2: Development of laminate from different lamina orientation 

TH-3312_166103110



Introduction                                                                                                                                                3 

 

Lamina or ply is a thin layer, the basic building block of the composite material. A lamina 

may have fibers, matrix, fillers, and coupling agents. In lamina, fibers may be aligned, 

random, or woven. A unidirectional fiber reinforced lamina is shown in Fig. 1.1(d). A 

laminate is made by adding lamina in different stacking sequences to get the desired 

properties. The sequence of different orientations of fiber reinforced composite layer or 

lamina in a laminate is called the lamination scheme or stacking sequence. The stacked 

laminae are added together using the same matrix as that in a lamina. Figure 1.2 shows a 

laminate made from different lamination scheme of the lamina. 

Composites are also classified based on type of the matrix used as polymer matrix 

composites (PMCs), metal matrix composites (MMCs), ceramic matrix composites (CMCs), 

and carbon-carbon composites (CCCs). Polymer matrix composites consist of a polymer 

(e.g., epoxy, urethane, polyester) reinforced with thin diameter fibers (e.g., carbon, glass, 

graphite). The most common examples are carbon/epoxy, glass/epoxy, etc. Due to the low 

cost, high strength, and manufacturing ease of PMCs, they are widely used in most 

applications. The major limitations of PMCs include a high coefficient of thermal and 

moisture expansion, low operating temperatures, and low elastic properties in certain 

directions. Metal matrix composites consist of a metal matrix (e.g., aluminum, magnesium, 

titanium) reinforced with fibers such as carbon and silicon carbide. The advantages of PMCs 

include high elastic properties, high specific strength, high operating temperatures, and good 

wear resistance. Hence, they are used in space, military, and transportation applications. The 

major limitations of MMCs over PMCs are higher densities and processing temperatures.  

Ceramic matrix composites consist of a ceramic matrix (e.g., alumina, calcium, alumino 

silicate) reinforced with fibers such as carbon and silicon carbide. Ceramic composites have 

high service temperature limits, high melting points, and good corrosion resistance. 

Therefore, they are used in high-temperature areas where PMCs and MMCs cannot be used. 

The major drawback of the CMCs is low fracture toughness. Carbon-carbon composites use 

carbon for both fiber and matrix. CCCs offer many advantages like high operating 

temperatures, high coefficient of friction, high fatigue resistance, and high thermal 

conductivity. Hence, they are used in space shuttle nose cones, aircraft brakes, and 

mechanical fasteners. The major drawbacks include low shear strength, high cost, and 

susceptibility to oxidation at high temperatures.   

1.1.2 Fiber reinforced polymer (FRP) composites 

Fiber reinforced polymer (FRP) composites are made of a polymer matrix reinforced with 

fibers. Glass, graphite, carbon, and aramid are the commonly used fibers and epoxy, vinyl 

ester, and polyester are the commonly used polymers in FRP composites. Laminates are 
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made by stacking laminae in different orientations to get the desired properties. FRP 

composites have high strength in the direction of the fiber and low strength in the transverse 

direction [1]. 

1.1.2.1 Advantages of FRP composites 

FRP composites have many advantages over monolithic materials. A few of the major 

advantages are listed as follows 

• Light in weight or low density 

• High strength to weight ratio as compared to traditional materials 

• High specific stiffness  

• High corrosion resistance  

• Dimensional stability (can be designed for zero coefficient of thermal expansion) 

• High internal damping 

• FRPs can be recycled 

1.1.2.2 Applications of FRP composites 

FRPs are used in most applications due to their high specific strength and specific stiffness 

and some of the important applications are listed below. 

• Aircrafts such as – aircraft panels and floorings, doors of landing gears, and the skin of 

aircraft. engines, airplanes with fuselage, wing spars, helicopters, and tilt rotors. 

• Spacecraft such as – space shuttle bay doors, antenna ribs in satellite systems, and 

spaceships. 

• Sporting goods such as – golf stick shafts, bicycle frames, tennis rackets, ice hockey 

sticks, and ski poles. 

• Medical devices such as – lightweight face masks, artificial lungs, and X-ray tables. 

• Marine applications such as – boats, housings of oceanographic research instruments, 

and bridges. 

• Automotive parts such as – composite leaf springs, bumpers, doors, body panels, brake 

shoes, drive shafts, and fan blades. 

• Military applications such as – bulletproof vests, helmets, and impact-resistant 

vehicles.  

• Commercial applications – brooms in pharmaceutical factories, pressure vessels in 

chemical plants, and garden tools. 
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1.1.3 Defects in FRP composites 

A component made of FRP composite can be different from the ideal one in many ways, 

both during manufacturing and while it is in service. A defect can be defined as an extent of 

any of these deviations from the ideal. It is well known that every sort of defect has some 

negative impact on the expected performance of the component. Most of the defects in FRP 

composites can be induced either during the manufacturing process or during the service of a 

component [2].  

The chances of defect formation are very high in FRP composites during the 

manufacturing process. Different methods used for the preparation of composites will 

produce various types of internal defects. Different types of defects during manufacturing are 

given below 

Resin matrix defects – Void: Voids may be formed due to volatile resin or improper control of 

air during curing stage, and resin-rich areas can be formed due to the staggered fiber bundles 

and localized fiber breakage. 

Fiber reinforcement defects – Fiber breakage: Fiber breakage may occur due to differential 

contraction of the fibers after cure, wrinkling and waviness can be formed due to the 

misalignment of fibers. 

Interface defects: Weak bonding strength between fiber and matrix, and delamination due to 

uneven curing and uneven wetting. 

Numerous mechanisms can cause composites to degrade while they are in service, and the 

most significant ones will rely on the exposed environment and the susceptibility of the 

specific materials used. Degradation occurs due to static overload, fatigue, impact, 

overheating, hygrothermal effects, and creep. Even though there are different mechanisms by 

which defects initiate and grow, there are relatively fewer types of defects that can occur. 

These defects are delaminations, bond failures, fracture or buckling of fibers, cracks, and 

interface failure between the fiber and matrix.  Often fiber fracture or weak interfacial bond 

leads to delamination in composites. 

With the technological advancement in manufacturing processes, many of these defects 

could be eliminated or minimized. However, in-service defects may still be present. Such 

defects many a time go unnoticed and cause degradation leading to the final fracture of the 

component. Some of the defects arising during service are fiber or ply breakage due to low 

velocity impact (LVI) as shown in Fig. 1.3(a). In addition, there may be edge delamination 

from the free edge or hole edge.  

In many cases, the delamination initiates at the interface of the ply break which leads to 

the final fracture of the components. In some cases, LVI induces interfacial delamination as 

shown in Fig. 1.3(b) which is sub-surface in nature and not visible. Moreover, the size of the 
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delamination being small does not lead to a significant change in the strength of the 

components. However, this delamination grows under loading leading to catastrophic failure 

of the laminate [3]. Hence, it is important to improve the resistance to the growth of such 

delamination which is mostly dominated by the properties of the polymer matrix in FRP 

composites.  Therefore, to improve the properties of the matrix, three phase CNT composites 

were developed in which fibers were reinforced in a matrix modified with nanofillers such as 

carbon nanotubes (CNTs), carbon nanofibers (CNFs), carbon black (CB), and nano clay, etc. 

[4]. 

 

 

(a) 

 

(b) 

Figure 1.3: Defects in FRP laminated composites (a) ply break (b) delamination 

1.2 Three phase CNT composites 

Three phase composites refer to advanced composites that consist of three distinct phases: 

a polymer matrix, reinforcing fibers, and a third phase, which can be another type of fiber, 

nanofillers, or additives. Especially, due to their improved properties, carbon nanotubes 

(CNTs) have been finding more applications every day since their discovery. CNTs can be 

introduced to overcome the drawbacks of structural composites by mixing in a polymer 

matrix or by reinforcing onto the fibers, or by using as a layer at the interface. CNTs are the 

main constituents in the three phase CNT composites. Hence, it is essential to study some of 

the characteristics of CNT.  
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1.2.1 Carbon nanotubes (CNTs) 

Carbon nanotubes (CNTs) are allotropes of carbon, a cylindrical nanostructure discovered 

by Iijima in 1991 [5]. Due to the unique properties of CNTs, they are used in a wide range of 

applications [6–7]. Experimental results and theoretical calculations revealed that CNTs are 

as stiff as a diamond, with the highest Young's modulus and tensile strength [8]. CNTs 

display remarkable properties, having diameters of 1 to 2 nm, a tensile strength of 200 GPa, 

an approximate elastic modulus of 1TPa, and a strain of 10-30% without breakage [9]. They 

have a thermal conductivity of approximately two times that of diamond and are also 

thermally invariable up to 2800 °C in a vacuum. Additionally, they have 1000 times higher 

electrical-current-carrying capacity than copper wires. Due to their high aspect ratio, they are 

widely used in advanced composites, small scale electronics, and as biological molecules in 

different biotechnological applications. As a result of these superior properties, they attracted 

industrial and academic interest with potential structural applications. 

1.2.1.1 Classification of CNTs 

CNTs are classified into two types based on the direction of hexagons in the graphene 

sheet and the processes used for the fabrication of carbon nanotubes (CNTs). Based on the 

direction of hexagons in the graphene sheet, CNTs again can be classified into an armchair, 

zigzag, and chiral types. Figure 1.4 represents the different types of CNTs made from a 

hexagonal graphene sheet. CNTs are defined in terms of tube diameter, chiral angle, and 

chiral vector. The chiral angle finds the amount of twist in the tube. If the chiral angle is 0

and 30 , the graphene sheet form a zigzag and armchair CNTs, respectively. When the 

chiral angle varies between 0 to 30 , the graphene sheet form a chiral CNT [10].  

 

 

Figure 1.4: Different types of CNTs based on the chiral angle [10] 
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(a) 

 

(b) 

Figure 1.5: Illustrations of the atomic structure of (a) SWCNT (b) MWCNT [11] 

Based on the processes used for the fabrication of carbon nanotubes (CNTs), they are 

classified into two types such as single-walled carbon nanotubes (SWCNTs) and multi-

walled carbon nanotubes (MWCNTs) as shown in Fig. 1.5. In the case of SWCNTs, a single 

graphene layer rolled up into a seamless cylinder whereas in MWCNTs two or more 

concentric cylindrical shells of graphene sheets are coaxially arranged around a central 

hollow core with van der Waals force between the adjacent layers. 

1.2.1.2 Advantages of CNTs 

Some of the major advantages of CNTs are as follows: 

• CNTs have a modulus of elasticity of approximately 1 TPa, which is 10 times higher 

than that of steel. 

• CNTs have high tensile strength, which is nearly 100 times higher than that of steel of 

the same diameter. 

• CNTs are extremely small and light in weight.  

• CNTs behave as good thermal conductors in the longitudinal direction of the tube, but 

good insulators in the transverse direction of the tube.  

• CNTs have a very high aspect ratio of greater than 1000. 

• CNTs have a low coefficient of thermal expansion. CNTs have a high specific surface 

area 

1.2.1.3 Application of CNTs 

The excellent properties of CNTs make them a feasible candidate for use in different 

fields. Some of the major applications of CNTs are as follows: 

• CNTs are used as reinforcements in composites and structural applications due to their 

excellent load-bearing capacity and mechanical properties. 
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• CNTs are also dispersed in polymers and resins to enhance the stiffness and fracture 

toughness without affecting other mechanical properties. 

• CNTs are widely used in marine current turbine coatings and other coating 

applications such as thin film heaters, flame retardant coating, and transparent 

conductors which were used in industries. 

• Energy storage and environment (solar cells, hydrogen fuel cells, mobile phones, and 

supercapacitors). 

• CNTs are widely used in biomedical applications such as artificial implants, tissue 

regeneration, drug delivery systems, and cancer therapy. 

• CNTs are widely used in the development of sensors and actuators. 

• CNTs are widely used in electromagnetics applications as electrical conductors, 

semiconductors, and insulators. 

• Acoustic and electro-acoustics (nano-transceivers, tunable filters, acoustic speakers, 

acoustic microphones, and nano-speakers). 

1.2.2 Fiber reinforced CNT/polymer composites 

Polymer composites, made of additives and polymer matrices comprising thermosets, 

thermoplastics, and elastomers, are regarded to be an important group of reasonably low cost 

materials for various useful applications. Constituents with different material properties are 

chosen to make composites to improve one or more properties. Although there are some 

constraints in optimizing the properties by using conventional microscale fillers, the 

traditional filler content is in the range of 10 to 70% in polymer composites leading, to a 

higher density than that of the polymer matrix. Microscopic defects and voids are formed 

due to the high volume fraction of filler which often leads to premature failure of the 

composites. Carbon nanotubes (CNTs) are nanoscale fillers incorporated as an additive in a 

polymer resin and fibers are reinforced into the modified polymer matrix three phase fiber 

reinforced CNT/polymer composites. The excellent physical and mechanical properties 

combined with many desirable functional properties of CNTs are finding huge potential 

applications of such composites. In the future, three phase composites will play an important 

role in building space vehicles and could be used to make different goods that are being used 

in our daily life. 

1.2.2.1 Fabrication of three phase composites 

Three phase composite fabrication includes the preparation of CNT-modified epoxy 

composite and the preparation of three phase composite by infusing the modified epoxy onto 

fibers. A predetermined amount of CNTs can be mixed together with epoxy and subjected to 
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sonication to reduce the tendency of CNTs to agglomerate in the form of stable bundles due 

to van der Waals attractive forces. The mixture can be stirred using wet ball milling or a 

magnetic stirring process to increase the homogeneity of the modified epoxy CNT mixture. 

Then, the hardener can be added to the mixture for fast curing of the composite. The 

modified epoxy nanocomposite part can be used with fiber to fabricate the composite 

laminates. Further, a three phase composite can be fabricated using the hand layup process 

with vacuum bagging or vacuum assisted resin transfer molding (VARTM). The fabrication 

process of the three phase composite is shown in Fig. 1.6. 

 

Figure 1.6: Schematic representation of three phase composite fabrication 

1.2.2.2 Advantages of three phase composites 

Three phase composites in which nanofillers are added to the epoxy matrix and fibers are 

reinforced into a modified matrix have several advantages compared to FRP composites. A 

few of the major advantages are listed as follows: 

• Improved mechanical properties such as strength, stiffness, and toughness  

• Improved durability  

• Improved fatigue resistance 

• Enhanced thermal conductivity and stability  

• Increased electrical conductivity  

1.2.2.3    Applications of three phase composites 

Three phase composites are used in most applications due to their improved properties 

[12–13]. A few applications based on various fields are listed below 

• Structural applications – aerospace, automobile, and marine industries. 
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• Electronic and electrical applications – printed circuit boards, electronic enclosures, 

and antennas. 

• Energy storage and conversion – solar cells and fuel cells to improve their 

performance.  

• Biomedical and healthcare – biosensors, implantable devices, tissue engineering 

scaffolds, and drug delivery systems.  

• Sports equipment – tennis rackets, golf clubs, bicycle frames. 

1.2.2.4 Limitations of three phase composites 

Three phase composites offer several advantages but have some limitations, and are listed 

below [14–15]: 

• Manufacturing of these composites requires special techniques 

• Increased cost of manufacturing compared to FRP composites 

• Agglomeration of nanofillers leads to uneven dispersion within the polymer matrix, 

which results in a reduction of mechanical properties 

• The mishandling of nanoparticles while manufacturing may lead to health and safety 

issues 

• Disposal and recycling of these composites are difficult 

1.2.3 Failure analysis of three phase composites with defects 

Among the defects discussed, impact induced fiber breakage and interfacial delamination 

are extremely important from the view point of the failure of laminate since both these 

defects are sub-surface in nature and many a time go unnoticed but are the causes of final 

fracture of the laminate. Generally, under low velocity impact one of the weakest fiber breaks 

leading to the ply break. Near the ply break and at the interface of the broken and intact plies 

delamination initiates leading to the failure. Sometimes due to impact of a small embedded 

delamination occurs at a specific interface which grows during the post impact loading 

leading to the final fracture of the laminate. In both cases, the defects are sub-surface, small 

without appreciable degradation in stiffness and hence go unnoticed but they grow and cause 

the final fracture. Therefore, it is important that such defects are analyzed and resistance to 

such defects growing to be enhanced. Failure of three phase composites with defects such as 

ply break and embedded delamination could be approached in two ways viz. the stress based 

approach and the fracture mechanics based approach. In stress based approach, based on the 

magnitudes of the interlaminar stresses and the corresponding strengths, appropriate failure 

theories could be applied to assess whether delamination would initiate at the interface or 

not. Many stress based criteria have been proposed over the years for predicting delamination 
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initiation and quadratic stress criteria is one of those which has been extensively used by 

earlier researchers. Many a times such defects like ply break or embedded delamination are 

considered as cracks and concepts of fracture mechanics are advantageously used to analyze 

the laminates with such defects. 

The phenomenon of fracture is clearly explained by three fundamental modes of fracture 

shown in Fig. 1.7 (first observed by Irwin (1957)) such as opening mode (mode I), sliding 

mode (mode II), and tearing mode (mode III).  

 

           (a) opening mode                     (b) sliding mode                    (c) tearing mode 

Figure 1.7: Different modes of fracture 

• Opening mode or mode I – tensile stress normally acts to the plane of the crack and 

corresponding displacements are also normal to the plane of the crack. 

• Sliding mode or mode II – In-pane shear stress acting parallel to the plane of the 

crack and perpendicular to the crack front. The relative displacement is normal to the 

crack front. 

• Tearing or mode III – Out-of-plane shear stress acting parallel to the plane of the 

crack and perpendicular to the crack front. The displacements are parallel to the 

crack front. 

A combination of any two or all three modes results in a mixed mode of fracture. Linear 

elastic fracture mechanics (LEFM) is based on the concept of small-scale yielding (SSY). In 

SSY, the plastic zone size ahead of the crack tip is very small compared to the crack length 

and other geometric parameters, and therefore constitutive relation of the material can be 

assumed to follow Hook’s law. In LEFM, especially in composites, strain energy release rate 

(SERR) is extensively used as a parameter to estimate the prediction of the failure of 

composites. Hence, it is important to know the background of SERR. 
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Strain energy release rate (G): In 1920, Griffith developed the theoretical relation between 

fracture stresses to crack size for brittle materials. Strain energy release rate is defined as the 

release of energy per unit area of crack extension and denoted by G. Griffith used the first 

law of thermodynamics to develop a fracture theory based on simple energy balance. 

Griffith’s model accurately predicted the relation between fracture strength and flaw size in 

glass materials, but for metals, the concept failed. In 1957, Irwin modified Griffith’s theory 

by including the energy during the plastic deformation with the strain energy primarily 

considered by Griffith in order to be applicable to both brittle and ductile materials. The 

amount of energy release rate at the moment of crack initiation is called critical SERR (Gc), 

which is independent of the geometry and material properties of the cracked component and 

shows resistance to crack growth. 

1.3 Research motivation 

Since ply break and impact induced delamination are extremely important and need to be 

addressed in analyzing a laminate subjected to loading, it is important to investigate the ways 

to improve the performance of a laminate in the presence of such laminate. Both ply break 

and embedded delamination propagate leading to the catastrophic failure of the laminate at a 

load level much below the strength of the laminate. Therefore, it is important to improve the 

interlaminar strength of such laminates to resist delamination initiation and propagation. 

These interlaminar strengths are matrix dominated properties and hence it is worth 

investigating whether modifying the matrix could lead to better resistance against such failure 

modes. This led to the motivation of this study where three phase carbon/(CNT+epoxy) 

composites have been studied to understand how modifying the matrix by addition of CNTs 

to epoxy in such composites actually influences the behavior of such laminates against 

resistance to such defects. Before undertaking this investigation, a detailed literature survey 

was planned to understand the state of the art in this broad area which would help defining 

the specific objectives of the present work and justify the relevance and is presented in the 

next chapter.  
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   CHAPTER 2 

Literature Review 

 

In order to understand the potential of three phase CNT/polymer composites, extensive 

literature review has been performed and this chapter presents the works reported in the broad 

area of CNTs and three phase CNT/polymer composites in general and failure analysis of 

three phase CNT/polymer composites in particular. Based on this, research gaps have been 

identified, and specific objectives for the present thesis work have been presented.  

For better understanding of the state of the art in this area, literatures have been categorized 

based on the nature of the work as shown in Fig. 2.1 and presented in the different sections of 

this chapter.  

 

 

Figure 2.1: A flow chart showing the classification of available literatures 

2.1 Carbon nanotubes 

Iijima [4] used the arc discharge method in 1991 to develop a novel class of finite carbon 

structures made of needle like tubes. The discovery of carbon nanotubes led to research in 

different nanoscale areas. CNTs are classified as single-wall CNTs and multi-wall CNTs on 

the basis of the fabrication process and chiral, armchair, and zigzag on the basis of chirality. 

Dresselhaus et al. [16] have studied carbon nanotubes and presented the basic relations 

governing the geometry of carbon nanotubes. The authors defined the general CNTs in terms 

of the tube diameter and chiral angles.  
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CNTs can be made using the arc discharge method, laser ablation, chemical vapor 

deposition, and flame synthesis method. In synthesizing nanotubes, Bethune et al. [17] used 

thin electrodes with drilled holes as anodes filled with a combination of pure powdered metals 

(Fe, Ni, or Co) and graphite and Journet et al. [18] used this method to produce CNTs in larger 

quantities. Thess et al. [19] developed SWCNTs in yields larger than 70% by laser ablation of 

graphite rods with small concentrations of Ni and Co at 1,200°C. These two synthesis methods 

however have two major limitations, large-scale and ordered synthesis [20]. However, a 

chemical vapor deposition method was discovered in 1996 to synthesize nanotubes where, the 

reaction chamber is filled with a mixture of hydrocarbon gas, such as methane, acetylene, or 

ethylene, the hydrocarbon decomposes at temperatures between 700°C and 900°C and at 

atmospheric pressure and nanotubes are formed on the substrate [7]. In flame synthesis, 

hydrocarbon flames are used to initiate and grow CNTs and in order to deposit solid black 

carbon, catalysts must also provide reaction sites [21].  

It has been reported in the literature that CNTs are very strong in the axial direction but 

weak in the radial direction [22]. They have high elastic modulus ranging from 270-950 GPa, 

and high tensile strength ranging from 11-63 GPa and it is reported that elastic modulus 

depends on the diameter of CNTs, and is independent of tube chirality [23]. In addition to 

their mechanical properties, CNTs have good thermal properties and isolated CNTs at high 

temperatures have approximately the same specific heat as a two dimensional (2D) graphene 

sheet [24]. Theoretical and experimental observations confirmed that thermal conductivity at 

room temperature varies from 1800-6000 W/mK [25]. Literature shows that CNTs have good 

conductive properties and the electronic properties of CNTs depend on the chirality, diameters, 

defects, and degree of crystallinity of the tubular structure [26]. Based on the chirality type, 

CNTs are classified as conductive and semi-conductive [27].   

Most of the literature addressed the applications of carbon nanotubes in the areas of 

nanotechnology, actuators, capacitors, transistors, and membranes. Lu and Han [28] described 

the manufacturing, characterization, physical properties, and applications of CNTs and their 

composites. This review stated that in the future, nanotechnology could be one of the rising 

technologies that would play an important role in developing future space vehicles. Ibrahim 

[29] gave a detailed review of the properties, synthesis, applications, and functionalization of 

CNTs.  

2.2 Three phase CNT/Polymer composites 

Ajayan et al. [30] stated that even though there are constraints in optimizing the properties 

of composite polymers by adding conventional micrometer scale fillers. The filler content in 

polymer composites is usually 10 to 70 wt%, which leads to a higher density than that of the 
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neat polymer matrix. In addition, microscopic defects and voids formation due to the high 

volume fraction of filler often lead to the failure of composites. 

Compared to conventional polymer composites with microscale fillers, CNT/polymer 

composites are fabricated by incorporating nanoscale carbon nanotubes (CNTs) as an additive 

in a polymer resin. Ajayan et al. [31] made the first report on the preparation of CNT/polymer 

nanocomposites in 1994, and stated that CNT/polymer composites are finding potential 

applications in emerging areas due to their superior physical, mechanical and functional 

properties of CNTs are finding enormous potential applications of CNT/polymer composites. 

Du et al. [32] classified CNT/polymer composites into structural and functional composites 

based on the area of applications. In structural composites, improved mechanical properties of 

CNTs, such as high modulus, tensile strength, and strain to fracture are examined. Jojibabu et 

al. [33] provided a detailed review describing the works reported on epoxy based 

nanocomposites as adhesive materials and summarized the future research directions. 

2.3 Integration of CNTs in FRP composites 

The improvement in different properties of a composite with addition of CNTs majorly 

depends on how CNTs are added into three phase multiscale composites. The nanoscale CNTs 

are integrated with traditional microscale fiber reinforcements in a polymer matrix and can be 

obtained by modifying i) matrix resin or ii) the fiber reinforcement with CNTs or iii) interface 

with CNT-made buckypapers.   

2.3.1 Matrix resin modification by dispersing CNTs in polymer 

Matrix modification is considered the most direct and popular method for incorporating 

CNTs into FRP composites due to ease of preparation and operation [34]. When CNTs are 

added to epoxy, they act as a bridge between the resin and fiber interface, which transfers the 

stress effectively, prevents crack growth, and strengthens the matrix and interface. As a result, 

CNTs may significantly enhance the mechanical properties of the composite material. Many 

works reported on the techniques developed for the dispersion of CNTs into a polymer matrix. 

Generally, two methods are used for CNT dispersion: mechanical methods and a combination 

of mechanical dispersion and functionalization.  

Several works described the mechanical dispersion methods of CNTs in epoxy resin, such 

as ultrasonication [35], calendaring [36], ball milling [37], shear mixing [38], and extrusion 

[39]. A brief detail of these methods are shown in Table 2.1. Many recent studies have used a 

combination of these techniques, such as ultrasonication plus extrusion by Isayev et al. [40], 

Moniruzzaman et al. [41], and ultrasonic plus ball milling by Ma et al. [42]. Jain et al. [43] 
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dispersed CNTs in resin matrix by sonication and fabricated multiscale carbon fiber epoxy 

composite by vacuum assisted resin infusion molding (VARIM).  

Table 2.1: Comparison of different methods of CNT dispersion in nanocomposites 

Method 
Damage 

to CNTs 
Polymer matrix 

Controlling 

parameters 
Remarks 

Ultrasonication 

[35] 
Yes 

Oligomer or low 

viscous polymer, 

monomer, soluble 

polymer 

Sonication duration, 

mode, and power of 

sonicator 

Operation is easy; 

cleaning is easy 

after use; 

commonly used in 

laboratories 

Calendering [36] No 
Monomer, oligomer  

or liquid polymer 

Distance between 

two rollers, roller 

speed 

Training is 

required for 

operation; 

cleaning is difficult 

after use 

Ball Milling [37] Yes Powder 

Size of balls, milling 

time, balls/CNT 

ratio, rotation speed 

Operation is easy; 

cleaning is 

required after use 

Shear mixing [38] Yes 

Oligomer or low 

viscous polymer, 

monomer, soluble 

polymer 

Viscosity of the 

liquid, mixing time 

and speed, size and 

shape of the 

propeller 

Operation is easy; 

cleaning is easy 

after use; 

commonly used in 

laboratories 

Extrusion [39] Yes Thermoplastics 

Rotation speed of 

screw, configuration, 

temperature 

Training is 

required for 

operation; 

cleaning is difficult 

after use; large-

scale production 

CNTs are difficult to dissolve or disperse in volatile organic solvents or polymeric matrices. 

The dispersion of CNTs is not just dependent on the geometrical parameters of the CNTs; 

rather, it requires a method that separates and stabilizes individual CNTs from highly 

entangled and agglomerated CNTs in a polymer matrix to prevent further agglomeration [44]. 

As a result, chemical modification of the side walls of the surfaces of CNTs called 

functionalization is required to increase their solubility or dispersion in solvents or polymers 

as well as their interaction and reactivity with polymers [45].   

Different functionalization methods include mechano-chemical [46], electro-chemical [47], 

chemical [48], and plasma [49] in nature. Out of these methods chemical functionalization is 

the most commonly used in which strong acids are used to shorten the length and remove end 

caps of CNTs. In addition, oxide groups such as carbonyl, hydroxyl, and carboxylic acids are 
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added to the ends to find the defect sites of CNTs. Pristine and functionalized MWCNTs have 

been used by Qiu et al. [11] to prepare multiscale glass fiber reinforced epoxy composites with 

the help of an infiltration based vacuum assisted resin transfer molding (VARTM) process 

where multi-walled carbon nanotubes (MWNTs) were infused through and between glass fiber 

tows along through the thickness direction. Sadeghian et al. [50] reported that surface treated 

CNF/resin matrix showed uniform dispersion in resin matrix compared with untreated 

CNF/resin matrix. Experiments have been conducted to understand the influence of CNF 

concentration on CNF filtration, micro-void formation, and resin viscosity and results reveal 

that CNFs with more than 1wt% lead to a filtering effect and formation of micro-voids in the 

composite. Gojny et al. [51] reported that functionalization reduced agglomeration and 

improved interaction between the CNTs and the epoxy resin. Vaisman et al. [52] used a 

noncovalent method in which a few surfactants physically coat CNTs to improve the 

dispersion of CNTs in epoxy resin. However, CNTs treated with different surfactants may 

reduce the contact between CNTs, leading to a decrease in the conductive properties of 

CNT/polymer composites. 

2.3.2 Addition of CNTs on reinforcing fibers 

Other than the traditional techniques to disperse the CNTs into the resin matrix, there are 

some methods to fabricate advanced FRPs such as grafting, attachment, or growth of CNTs 

on reinforcing fibers or fabrics. Bekyarova et al. [53] deposited CNTs on the surface of a carbon 

woven fabric using an electrophoretic deposition (EPD) process. The carbon fiber/CNT 

preforms have been infiltrated with epoxy resin using VARTM and confirm that there is an 

improvement in electrical properties and out-of-plane mechanical properties of the multiscale 

hybrid composites. Warrier et al. [54] incorporated carbon nanotubes in glass fiber epoxy 

composites by adding CNTs in the fiber sizing formulation, in the matrix, or in both leading 

to an increase of 10% in glass transition temperature and a significant reduction of 31% in the 

coefficient of thermal expansion of the composites. Khan et al. [55] grafted CNTs by a 

chemical vapor deposition (CVD) process on the surface of carbon fabric in two different cases 

and reported that CNT grafting leads to improvement in mechanical properties. Awan et al. 

[56] deposited MWCNTs on carbon fibers using various methods such as hand layup, dip 

coating, EPD, and spray up and reported that the EPD method had achieved uniform 

dispersion in comparison with other methods. Xiao et al. [57] deposited MWCNTs on the 

T300 carbon fibers to make carbon/epoxy laminated composites using the aqueous suspension 

deposition method and reported significant improvement in the mechanical properties. 

Functionalized CNTs were grown by Yao et al. [58] on the surface of the carbon fiber fabric 
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by CVD at different temperatures and the experimental results showed that ILSS has been 

improved compared with neat carbon fiber fabric composites. 

CNT forests were grown by Veedu et al. [59] at the interface of multilayer three dimensional 

(3D) composite in order to improve the multifunctional properties along the thickness 

direction. De Resende et al. [60] used the CVD process to grow aligned multi-walled CNT 

forests on carbon fibers with an amorphous Si interface and the results confirm that 

mechanical, electrical, and thermal properties of the interface of the composite can be modified 

by using this method. Falzon et al. [61] grown aligned multi-walled CNTs forests on a silicon 

substrate with the help of the CVD process and after that CNT forests were transferred to a 

pre-impregnated carbon epoxy composite. The fracture test results revealed that through-the-

thickness fracture toughness has been improved by the growth of CNT forests.   

2.3.3 Addition of CNT interleaves or CNT buckypaper at the interface 

Interleaving is one of the traditional methods in which a thin layer of material is 

incorporated at the interface of FRP composite laminates to improve multi-functional 

properties.  Sun et al. [62] implemented an epoxy/CNT thin film approach to place CNTs at 

different locations inside a VARTM composite offering low cost, improvement in quality, and 

viscosity-related issues have been minimized. Bilge et al. [63] used an electrospinning process 

to get MWCNT interlayers on carbo/epoxy neat prepreg surfaces and confirmed that the 

mechanical properties of the laminate were enhanced significantly. Zheng et al. [64] fabricated 

carbon nanotubes/polysulfone nanofiber (CNTs/PSF) paper using the vacuum filtration 

method to improve the interlaminar properties of carbon epoxy composite laminates. Xin et 

al. [65] used MWCNT sheets for interleaving in cross-ply carbon fiber epoxy composite 

laminate and their experimental results confirm that impact properties, interlaminar properties, 

and flexural properties are enhanced by the interleaving of MWCNT sheets. Ou et al. [66] 

studied the influence of CNT veil interleave thickness on the interlaminar properties of CFRP 

woven composite laminates and reported that the thickness of the CNT veil had a significant 

effect on the interlaminar properties 

Buckypaper (BP) is known as carbon nanotube paper or carbon nanotube film first 

developed in 1998. Liu et al. [67] reported different methods to prepare BP and BP composites, 

and their wide range of applications. Organic polymer solutions such as polystyrene, polyvinyl 

alcohol, and polyvinyl pyrrolidone were introduced into single-wall CNT sheets by Coleman 

et al. [68] and results show that mechanical properties such as strength, elastic modulus, and 

toughness were enhanced by 3, 9, and 38 times respectively. Liu and Shen [69] introduced 

CNT buckypaper in the middle interface of a carbon/epoxy laminate using a positive pressure 

filtration method and the experimental results confirm that interlaminar properties were 
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enhanced with CNT buckypaper. Shin and Kim [70] used CNT buckypaper as interleaves in 

CFRP composite laminate and the results from the experiments show an improvement in 

interlaminar fracture toughness.  

2.4 Mechanical properties of three phase CNT/polymer composites  

Multi-scale CFRP composite laminates were prepared by mixing CNTs in epoxy resin using 

VARIM and tensile test results show an improvement of 17% in ultimate tensile strength with 

0.3 wt% of CNTs [42]. Qiu et al. [11] conducted tensile tests on glass/MWCNT-epoxy 

composites and reported that with 1% MWCNT loading, tensile strength and Young’s 

modulus are increased by 14% and 20% respectively, in comparison with glass fiber reinforced 

composites. Andrews et al. [71] fabricated carbon fiber/CNT-resin composite by dispersing 

MWCNTs in isotropic petroleum pitch matrix and their experimental results confirm that, 

with an addition of 5 wt% CNT, tensile strength, Young’s modulus, and electrical conductivity 

were enhanced by 90%, 150%, and 340% respectively. Sanchez et al. [72] fabricated carbon 

fiber composites using vacuum assisted resin infusion molding (VARIM), where the matrix is 

modified by CNTs with different contents (0.1, 0.2, and 0.3 wt%) and for different surface 

conditions (non-functionalized and amino-functionalized). Tensile tests and flexural tests 

reported that the addition of amino-functionalized CNTs in epoxy resin improves mechanical 

properties such as tensile strength and flexural strength. Sharma and Shukla [73] fabricated 

carbon/CNT/epoxy three phase composites by adding different weight percentages of 

MWCNTs such as 0%, 0.25%, 0.5%, 1%, and 1.5% in epoxy. By conducting tensile tests and 

flexural tests, results confirmed that mechanical properties of three phase composite increase 

up to 1% MWCNT and beyond that decreases, and mixing 1% MWCNTs in resin matrix leads 

to an increase in Young’s modulus, tensile strength, and flexural strength by 49%, 52%, and 

37% respectively. In their work, Halpin-Tsai model along with the principle of micromechanics 

were used for computing the mechanical properties of three phase fiber reinforced CNT+epoxy 

composites.  

Islam et al. [74] used three roll shear mixtures to disperse 0.3 wt% MWCNTs in epoxy to 

prepare a three phase carbon/MWCNT-epoxy composite. Three-point bending tests have been 

conducted and results confirm that the addition of MWCNTs leads to an increase in flexural 

strength and flexural modulus by 19% and 15% respectively. Sheth et al. [75] fabricated three 

phase CNT/CF/epoxy by adding 0.5%, 1%, 1.5%, and 2% weight percentages of CNTs in 

epoxy. Experimental results show that tensile strength and flexural strength were increased by 

10% and 13% respectively up to 1 wt% of CNT and beyond that, the strength decreases. Khan 

et al. [76] dispersed MWCNTs in an epoxy resin and studied the alignment of MWCNTs 

originating from the application of a direct current (DC) electric field during composite curing. 
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Dynamic mechanical analysis (DMA) has been performed and results reported that, at 0.3 

wt% CNT alignment, elastic modulus, and fracture toughness were increased by 40% and 50% 

respectively, and beyond 0.3 wt% mechanical properties decreased. 

Awan et al. [56] fabricated three phase CF/MWCNT-epoxy composites by coating 

MWCNTs on the carbon fibers using electrophoretic deposition (EPD) method. It has been 

observed by conducting flexural tests that, due to MWCNTs coating, the flexural strength and 

flexural modulus were increased by 41% and 16% respectively in comparison with CF/epoxy 

composites. Xiao et al. [57] deposited MWCNTs on T300-grade carbon fibers by the aqueous 

deposition method. With the deposition of 0.1% MWCNTs, by conducting tensile tests and 

flexural tests, results reported that tensile strength and flexural strength were increased by 15% 

and 17% respectively. Gong et al. [77] integrated CNTs in resin to understand their effect on 

the mechanical properties of three phase CNT/polymer composites. Addition of 1 wt% CNTs 

with surfactants led to an increase in glass transition temperature and elastic modulus by 40% 

and 30% respectively. Whereas, the addition of CNTs without the surfactants has a moderate 

effect on mechanical properties and on the glass transition temperature. Allaoui et al. [78] 

integrated MWCNTs of 1 wt% and 4 wt% into epoxy resin by chemical vapor deposition 

method (CVD). Experimental results show that, for both weight percentages, yield strength 

and Young’s modulus were increased by two times and four times respectively in comparison 

with those for neat epoxy. Kumar et al. [79] fabricated polypropylene/nano carbon fiber 

composites with conventional melt spinning equipment and tensile and compressive tests 

reported that, at 5 wt% nano carbon fiber loading, elastic modulus, and compressive strength 

are increased by 50% and 100%. Kanagaraj et al. [80] coated CNTs with different volume 

fractions (0, 0.11, 0.22, 0.33, and 0.44) on high-density polyethylene (HDPE) pallets. Tensile 

tests were conducted and results confirm that, with the addition of CNTs, mechanical 

properties such as Young’s modulus, ultimate strength, and strain at fracture increased by 22%, 

4%, and 24% respectively, in comparison with no addition of CNTs. 

Single-wall CNT sheets were soaked in polymers and tensile tests on intercalated sheets 

confirmed a 3, 9, and 38 times improvement in strength, elastic modulus, and toughness 

respectively, which shows that the load transmission among CNTs enhanced with intercalated 

polymer [68]. Polystyrene-co-glycidyl methacrylate P(St-co-GMA)/MWCNT interlayers 

have been introduced on the surfaces of carbon/epoxy prepreg using an electrospinning 

process and flexural test results confirming that flexural strength and flexural modulus were 

enhanced by 25% and 29% respectively with interlayer addition [63]. A carbon 

nanotubes/polysulfone nanofiber (CNTs/PSF) paper has been used as an interleaf at the 

interface of carbon epoxy composite laminates and experimental results confirm that flexural 

strength and flexural modulus were substantially increased by 27% and 29% respectively with 
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interleafs [64]. Table 2.2 shows a summary of published literature on the mechanical properties 

of CNT-FRP composites.  

Table 2.2: Mechanical properties of multiscale CNT-FRP composites 

Fiber/matrix 
CNTs 

Type 

CNT 

integration 

method 

% increase in 

tensile properties 

(CNT wt%) 

 % increase in 

flexural properties 

(CNT wt%) 

Tensile 

Strength 

Tensile 

Modulus 

 Flexural 

Strength 

Flexural 

Modulus 

Glass/epoxy 

[11] 
MWCNT Entire matrix 14% (1) 20% (1) 

 
- - 

Carbon/epoxy 

[42] 
MWCNT Entire matrix 17% (0.3) - 

 
- - 

Carbon/Petrol 

[73] 
SWCNT Entire matrix 90% (5) 150% (5) 

 
- - 

Carbon/epoxy 

[75] 
MWCNT Entire matrix 52% (1) 49% (1) 

 
37% (1) - 

Carbon/epoxy 

[76] 
MWCNT Entire matrix - - 

 
19% (0.3) 15% (0.3) 

Carbon/epoxy 

[77] 
MWCNT Entire matrix 10% (1) - 

 
13% (1) - 

Carbon/epoxy 

[58] 
MWCNT Electrophoresis - - 

 
41% 16% 

Carbon/epoxy 

[59] 
MWCNT 

Coating on 

fibers 
15% (0.1) - 

 
17% (0.1) - 

Carbon/epoxy 

[70] 
SWCNT Interleaves 3X 9X 

 
- - 

Carbon/epoxy 

[65] 
MWCNT Interlayer - - 

 
25% 29% 

Carbon/epoxy 

[66] 
MWCNT Interleaves - - 

 
27% 29% 

CNT: carbon nanotube, MWCNT: multi-walled CNT, SWCNT: single-walled CNT. 

 

2.5 Interlaminar failure in fiber reinforced CNT/polymer composites 

 In FRP composite laminates, interlaminar failure commonly occurs due to weak fiber 

matrix interfacial bonds. This might lead to delamination at the interface, which results in 

strength and stiffness degradation, leading to catastrophic failure of the whole structure. The 

fracture resistance of fiber reinforced composite to various modes of crack propagation 

determines its structural performance. Since one of the most important design requirements 

for FRPs in structural applications is their ability to absorb enough fracture energy, it is 

therefore important to enhance the ILSS and fracture toughness of FRP composite laminates 
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by incorporating nanofillers such as CNTs and CNFs. A large number of works have reported 

the influence of CNTs on ILSS and fracture toughness and are discussed in this section. 

2.5.1 Interlaminar shear strength (ILSS) 

Qiu et al. [11] reported an infusion-based VARTM technique in which nanocomposites 

containing a strong acid-a mixture of nitric and sulphuric acid-functionalized MWCNTs and 

epoxy resin were infused into glass fabrics in the thickness direction. Short beam tests results 

showed that, with only 1 wt% CNT loading, the ILSS of the multiscale composites enhanced 

by 8%. As reported in [43] an improvement of 28% in ILSS has been observed by dispersing 

0.3 wt% of CNTs in resin of multiscale CFRP composite laminate. Evaluation of the modulus 

gradient across the interface showed that the addition of the nanofiller improved the stability 

of the interface. Gojny et al. [81] fabricated multiscale glass/CNT-epoxy by resin transfer 

molding (RTM) technique and their experimental results confirm that with the addition of 0.3 

wt% amino-functionalized double-walled carbon nanotubes (DWCNTs), ILSS enhanced by 

20%. A similar observation was reported by Wichmann et al. [82] confirmed that the ILSS of 

GFRPs was increased by 16% by modifying the matrix with 0.3 wt% of DWCNTs. Godara et 

al. [83] fabricated multiscale CFRPs by mixing various types of CNTs in resin matrix. Short 

beam tests were conducted and results showed that all composites containing 0.5 wt% CNTs 

had a clear reduction in ILSS, regardless of whether they were pristine, small, or amino-

functionalized. Unidirectional CFRP composite laminates were fabricated by dispersing 

MWCNTs in epoxy resin and experimental results show an improvement of 77% in ILSS with 

0.5 wt% of MWCNTs [84].  

Bekyarova et al. [53] conducted experiments to show that composites containing 0.25 wt% 

MWCNTs leads to 27% increase in ILSS without affecting the in-plain mechanical properties 

including tensile strength and modulus. Khan et al. [55] made multiscale carbon/epoxy 

composites (i) by coating only the top surface of the fabric with CNTs (type-1) and (ii) by 

coating both surfaces of the fabric with CNTs (type-2). Experimental results show an 

enhancement in ILSS of type 1 and type 2 composite laminates by 32% and 102%, respectively. 

A 12.6% enhancement in ILSS has been observed by the deposition of 0.1 wt% of MWCNTs 

on the carbon fibers to fabricate carbon/epoxy composites. The mechanisms for interface 

enhancement are resin toughening and interfacial properties [57]. Sharma and Lakkad [85] 

prepared multiscale carbon/epoxy composites by growing MWCNTs on surface-treated 

carbon fibers using the CVD process. Experimental results reported that CNTs growth on CF 

leads to a 35% increase in ILSS Khan and Kim [86] studied the influence of buckypaper 

interleaves made from carbon nanofiber (CNF) on the mechanical properties of carbon fiber 
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reinforced epoxy composites (CFRPs). Experimental results show that, with the addition of 10 

wt% CNF buckypaper interleaves, ILLS is enhanced by 31%.  

Table 2.3 shows a summary of published literature on interlaminar shear strength of CNT-

FRP multiscale composites. Wu et al. [87] fabricated hybrid carbon fiber reinforced composites 

by in situ deposition of a multi-walled carbon nanotube bukcypaper (i-MBP) on the surface of 

functionalized CF fabric (PCF). Short beam shear (SBS) test results reported that the ILSS 

increased by 68.6% for i-MBP-PCF hybrid fiber mat in comparison with the CF/EP 

composite. By scanning electron microscopy (SEM) analysis and nanoindentation tests, it has 

been observed that the mechanical properties enhanced due to in situ deposition of i-MBP on 

the PCF fabric, which not only increases the strength of the epoxy but also improves the 

interfacial adhesion between the fiber and epoxy resin.  

Table 2.3: ILSS of multiscale CNT-FRP composites 

Fiber/matrix CNTs Type 
CNT integration 

method 

% increase in ILSS 

(CNT wt%) 

Glass/epoxy [11] MWCNT Entire matrix 8% (1) 

Carbon/epoxy [43] MWCNT Entire matrix 28% (0.3) 

Glass/epoxy [81] DWCNT Entire matrix 20% (0.3) 

Glass/epoxy [82] DWCNT Entire matrix 16% (0.3) 

Carbon/epoxy [84] MWCNT Entire matrix 77% (0.5) 

Carbon/epoxy [53] MWCNT Electrophoresis 27% (0.25) 

Carbon/epoxy [55] MWCNT Surface coating 
32% (Type1), 102% 

(Type2) 

Carbon/epoxy [57] MWCNT Coating on fibers 12.6% (0.1) 

Carbon/epoxy [85] MWCNT Grown on fibers 35% 

Carbon/epoxy [86] CNF Buckypaper 27% 

Carbon/epoxy [87] MWCNT Buckypaper 68.6% 

ILSS: interlaminar shear strength, CNT: carbon nanotube, MWCNT: multi-walled CNT, SWCNT: 

single-walled CNT, DWCNT: double-walled CNTs, CNF: carbon nanofiber. 

2.5.2 Interlaminar fracture toughness 

A large number of works have reported the influence of CNTs on mode I and mode II 

interlaminar fracture toughness of three phase fiber-CNT composites. Yokozeki et al. [88] 

prepared multiscale CFRP composites by mixing cup-stacked CNTs in resin matrix. Double 

cantilever beam (DCB) and end notch flexure (ENF) tests were conducted and results 

confirmed that with the addition of 5 wt% cup-stacked CNTs, mode I fracture toughness ( )IcG

and mode II interlaminar fracture toughness ( )IIcG of CFRP composites enhanced by 98% and 
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30% respectively. In a similar study, Karapappas et al. [89] fabricated hybrid unidirectional 

CFRP composites by integrating the MWCNTs into the epoxy resin. Experimental results 

show that with addition of 1 wt% and 0.5 wt% of CNTs, IcG and IIcG enhanced by 60% and 

75% respectively. Romhany et al. [90] fabricated a 10-ply unidirectional multiscale CFRP 

laminate by the dispersion of MWCNTs in epoxy resin using three-roll milling. DCB tests were 

conducted for mechanical characterization and experimental results confirmed that with the 

addition of 0.3 wt% non-functionalized MWCNTs, average IcG enhanced by 13% compared 

with neat specimens.  

Almuhammadi et al. [91] prepared an MWCNTs-liquid solution and sprayed it onto 16-ply 

unidirectional CFRP laminates and results confirmed that the addition of 0.5 wt% COOH-

MWCNTs led to a 17% increase in mode I fracture toughness. Borowski et al. [92] fabricated 

CFRP composite specimens by modifying the matrix with carboxyl-functionalized MWCNTs. 

Experimental results of the DCB tests indicate an enhancement of 25%, 20%, and 17% in IcG

for 0.5 wt%, 1 wt%, and 1.5 wt% respectively. FE simulations were performed and are in good 

agreement with experimental results. Quan et al. [93] fabricated CFRP composite laminate by 

adding MWCNTs in epoxy resin. Double cantilever beam (DCB) and end-loaded split (ELS) 

tests were conducted and results confirm that IcG increased by 8% and 25% for 0.5% and 1% 

MWCNTs respectively, and the average IIcG increased by 68% and 171% for 0.5% and 1% 

MWCNTs respectively. Troung and Choi [94] added COOH-functionalized short MWCNTs 

(S-MWCNT-COOH) in epoxy resin of woven CFRP composite laminates. Mode I tests have 

been conducted and results confirmed that with the addition of 0.5 wt%, 1 wt%, and 1.5 wt% 

S-MWCNT-COOH, IcG has been enhanced by 1.6%, 31%, and 31.7% respectively.  

Sadeghian et al. [50] integrated the surface-treated carbon nanofibers (CNFs) in polyester 

resin and then the CNF-resin mixture was injected to impregnate a glass fiber preform using 

vacuum-assisted resin transfer molding. DCB tests confirmed that mode I critical strain energy 

release rate ( ICG ) increased by 100% by adding 1 wt% CNFs. In a similar study, Tsantzalis et 

al. [95] prepared hybrid CFRP laminates by doping with CNFs and/or piezoelectric (PZT) 

particles. Mode I tests reported that addition of 1 wt% CNFs to resin matrix leads to a 100% 

increase in interlaminar fracture energy.  

Nanofillers were directly grown on the surface of the main reinforcement which leads to 

improvement in various properties of FRP composites. For example, Veedu et al. [59] showed 

improvement in hardness, delamination resistance, in-plane mechanical properties, and 

damping capability by growing CNTs on the surface of silicon carbide (SiC) cloth plies. In 

addition, IcG and IIcG enhanced by 348% and 54% respectively for 2 wt% of MWCNTs 
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without compromising the in-plane mechanical properties. In a similar study, Wicks et al. [96] 

used a modified thermal chemical vapor deposition method (CVD) to grow CNTs directly on 

the surface of the alumina woven cloth. Experimental results confirmed that with the direct 

growth of CNTs, both initiation and steady state fracture toughness increased by 67% and 76% 

respectively. Davis et al. [97] prepared multiscale 20-ply CFRP laminates by depositing the 

fluorine-functionalized carbon nanotubes (f-CNTs) onto the carbon fabric with the help of the 

H-VARTM method. The four-point ENF tests reported that average initiation and propagation 

fracture toughness increased by 23% and 27% respectively, in specimens containing 0.5 wt% 

f-CNTs. It was observed from the fracture surfaces of the specimens, the functionalization of 

CNTs binds the fiber and epoxy resin, which makes the toughened fiber matrix interface 

strengths to get improved through thickness mechanical properties. Multi-walled CNTs forests 

were introduced in a pre-impregnated carbon epoxy composite by the CVD process and 

conducted DCB and four-point bending tests and results show an improvement of 61% in     

IcG , and 161% in IIcG respectively [61]. Naito and Nagai [98] made carbon fiber reinforced 

polymer composite laminates by directly applying MWCNTs with different vol% (1, 3, 5, and 

7) to the interface in the dry state. DCB and ENF tests were conducted and the results show 

that for 1% MWCNTs, IcG and IIcG were increased in comparison with the neat specimen, 

but further increase in vol% of MWCNTs leads to the reduction in both fracture toughnesses. 

Li et al. [99] manually distributed the vapor-grown carbon fiber (VGCF) nanofiller at the 

mid-plane of unidirectional laminates in order to prepare hybrid CFRP/VGCF laminate. 

Experimental results confirmed that the addition of VGCF interlayer at the mid-plane leads to 

a significant increase in mode I delamination resistance. Arai et al. [100] fabricated 

unidirectional CFRP/CNF hybrid laminates by inserting the carbon nanofiber reinforcement 

between the middle layer of the prepregs. By conducting DCB and ENF tests, it was observed 

that IcG and IIcG increased by 1.5 times and 2 times respectively in comparison with neat 

composites. Khan and Kim [86] incorporated the partially cured CNF-epoxy buckypaper 

interleaf at the mid-plane of CFRP laminates improved IIcG by 104%. Mode II fracture 

toughness tests were conducted on carbon/epoxy prepreg composite laminates and the results 

confirmed that IIcG was enhanced by 70% with P(St-co-GMA)/MWCNT interlayer [63]. A 

CNTs/PSF has been used as an interleaf in carbon epoxy composite laminates. Double 

cantilever beam (DCB) and end notch flexure (ENF) tests have been conducted and results 

confirm that IcG for 5% and 10% CNTs/PSF interleaves have been improved by 41% and 53% 

respectively than that of neat resin, and IIcG for 5% and 10% CNTs/PSF interleaves have been 

improved by 25% and 34% respectively than that of neat resin [64]. 
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Table 2.4: Mode I ( IcG ) and mode II ( IIcG ) interlaminar fracture toughness of multiscale CNT-FRP 

composites 

Fiber/matrix 
CNTs 

Type 

CNT 

integration 

method 

% increase in 

IcG (CNT wt%) 

% increase in 

IIcG  (CNT wt%) 

Carbon/epoxy [88] CSCNT Entire matrix 98% (5) 30% (5) 

Carbon/epoxy [89] MWCNT Entire matrix 60% (1) 75% (0.5) 

Carbon/epoxy [90] MWCNT Entire matrix 13% (0.3) - 

Carbon/epoxy [91] MWCNT Entire matrix 17% (0.5) - 

Carbon/epoxy [92] MWCNT Entire matrix 
25% (0.5), 20% (1), 

17% (1.5) 
- 

Carbon/epoxy [93] MWCNT Entire matrix 8% (0.5), 25% (1) 68% (0.5), 171% (1) 

Carbon/epoxy [94] SMWCNT Entire matrix 
1.6% (0.5), 31% (1), 

31.7% (1.5) 
- 

Glass/polyester 

[50] 
CNF Entire matrix 100% (1) - 

Carbon/epoxy [95] CNF Entire matrix 100% (1) - 

SiC/epoxy [59] MWCNT 
Grown on 

fibers 
348% (2) 54% (2) 

Alumina/epoxy 

[96] 
MWCNT 

Grown on 

fibers 

67% ( IcG onset) 

76% ( IcG prop) 
- 

Carbon/epoxy [97] MWCNT 
Grown on 

fibers 
- 

23% (0.5) ( IIcG

onset) 

27% (0.5) ( IIcG prop) 

Carbon/epoxy [61] MWCNT 
Grown on 

fibers 
61% 161% 

Carbon/epoxy 

[100] 
CNF Interlayer 1.5X 2X 

Carbon/epoxy [86] CNF Buckypaper - 104% 

Carbon/epoxy [63] MWCNT Interlayer - 70% 

Carbon/epoxy [64] CNT/PSF Interleaf 41% (5), 53% (10) 25% (5), 34% (10) 

Glass/vinyl ester 

[101] 
MWCNT Entire matrix 

0% (0.1) 

( IcG onset) 

-40% (0.1) 

( IcG prop) 

8% (0.1) 

Glass/epoxy [54] MWCNT Fiber sizing 

10% (0.5)  

( IcG onset) 

-53% (0.5)  

( IcG prop) 

- 

Carbon/epoxy 

[102] 
SWCNT Entire matrix -46% (0.5) 35% (0.5) 

CNT: carbon nanotube, CSCNT: cup-stacked CNT, MWCNT: multi-walled CNT, SMWCNT: short 

MWCNT, SWCNT: single-walled CNT, SiC: silicon carbide, PSF: polysulfone, CNF: carbon nanofiber 
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Despite the moderate to large enhancements in interlaminar fracture toughness that have 

been mentioned above as a result of CNT integration in FRP composites, a few adverse effects 

have also been reported. For example, Seyhan et al. [101] fabricated hybrid glass fiber 

reinforced polymer (GFRP) composites by dispersing 0.1 wt% amino-functionalized 

MWCNTs in resin using the VARTM process. Experimental results reported that the CNT 

reinforcement had no beneficial impact on mode I initiation fracture toughness, but it had a 

negative effect on propagation fracture toughness, which was reduced by nearly 40%. It was 

expected that the presence of CNTs restrained fiber bridging. However, other interlaminar 

properties, such as IIcG  (by 8%) and the ILSS (by 9%) were improved. The CNT content of 

0.1 wt% appears to be too low to draw any conclusion about the underlying mechanisms that 

can determine the interlaminar properties described above. In a similar study, Warrier et al. 

[54] integrated 0.5% MWCNTs into glass fiber composites by fiber sizing formulation. 

Experimental results showed that IcG increased by 10% due to CNTs in the sizing, but 

propagation fracture toughness was reduced by 53%. They reported that the adverse effects on 

crack propagation fracture toughness were caused by the bundling of glass fibers during the 

fiber sizing process, thereby reducing the chance for crack bridging by the individual glass 

fibers. Burkov and Eremin [102] fabricated unidirectional CFRP composite laminates by 

modifying the resin with SWCNTs in the range of 0.1-0.5 wt%. DCB and ENF tests were 

conducted and the results confirm that with the addition of SWCNTs, IcG  has a negative effect 

due to the brittle tensile behavior of SWCNT-epoxy and IIcG has been increased by 35%. Table 

2.4 shows a summary of published literature on the mode I and mode II interlaminar fracture 

toughness of CNT-FRP composites. 

Wicks et al. [96], Blanco et al. [103] and Tong et al. [104] developed various theoretical 

models to predict mode I interlaminar fracture toughness of FRP hybrid composites consisting 

of CNT reinforcements. These include mechanistic models based on molecular dynamics and 

closed-form analytical models based on energy approach. These theoretical studies show that 

increasing the length, density, volume fraction, and interfacial shear strength of CNT-fiber 

multiscale composites will result in higher mode I interlaminar fracture toughness. 

 

2.6 Interlaminar failure in FRP composites in presence of defects 

There has been a good number of works reported in analyzing the FRP composites having 

defects like ply break and interfacial delaminations. Wisnom [105] fabricated unidirectional 

GFRP composites with central plies cut normal to fiber direction across the full width. By 

conducting tensile tests, the fracture energy of specimens with 8 cut 32 continuous plies was 
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observed to have increased by 69% compared to specimens with 1 cut and 4 continuous plies. 

In a similar study, Tian and Swanson [106] studied the effect of internal fiber breakage (or 

buried crack) on the tensile strength of carbon/epoxy composites. The residual strength of 

laminate was observed to have decreased due to internal fiber cuts. Finite element results 

showed that, as the tension load increases, induced delamination propagates in pure mode II 

only. In addition, this study confirmed that the principal load-carrying ply criterion can be 

used to predict the residual strength of laminates consisting of internal cut fibers. Darby et al. 

[107] used the shear-lag model to calculate the stress distribution around the ply break in a 

single carbon fiber under tension. Theoretical results revealed that the presence of 

discontinuous plies decreases the mean failure stress in continuous plies by 15% as compared 

to specimens without defects, regardless of the number of discontinuous plies. 

 Wisnom [108] prepared tapered specimens of unidirectional glass epoxy with dropped plies 

and also studied the induced delamination with the help of tension tests and finite element 

analysis and experimental results also showed that, due to the discontinuity caused by the cut, 

untapered specimens with cut plies have high interlaminar stresses. However, delamination 

does not occur until the strain energy release rate is high sufficient to drive delamination. 

Chakraborty and Pradhan [109] carried out a 3D FE analysis in order to determine the 

delamination initiation stress and critical strain energy release rate of unidirectional 

glass/epoxy and graphite epoxy laminates having one or more central ply/plies broken. 

Numerical results showed that only mode II delamination occurs when the unidirectional 

laminate is subjected to uniaxial loading.  

Many researchers investigated impact induced delamination in fiber reinforced composite 

laminates and it has been identified that in low velocity impact, delamination is the major 

damage mode and interlaminar strength can be determined by the relationship between 

delamination and loading. Hong and Liu [110] fabricated thin glass/epoxy composite plates 

and they were subjected to low velocity impact. Experimental results confirmed that in low 

velocity impact, the delamination area per unit impact energy is similar to the critical strain 

energy release rate. As a result, analysis of strain energy release rates along the delamination 

front can help to describe interlaminar fracture in composite laminates. In a similar study, Liu 

and Malvern [111] observed that in addition to delamination, matrix cracking and fiber 

breakage were the other type of failure in fiber reinforced composites under low velocity 

impact. Experimental results confirmed that impact induced delamination can also occur in 

quasi-static central loading. As a result, static analysis has been employed by Hong [112] to 

investigate the relationship between interlaminar stresses and the onset of delamination. It was 

found that stacking sequence, fiber orientation, and laminate thickness had a great influence 

on delamination resistance.  
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Lu and Liu [113] performed a 3D FE analysis by introducing penny-shaped delamination 

at the center of the composite laminates which was considered to have a very low modulus to 

prevent penetration between delaminated surfaces due to central loading. Strain energy release 

rate components were calculated along the delamination front. Numerical results revealed that 

interlaminar normal stresses were negative thereby mode I failure is absent in central loading 

and mode II failure is dominant compared with mode III. They also observed that the strain 

energy release rate along the delamination front is different in different directions due to the 

anisotropy of the composite laminae. Hence, the initiation of central delamination is not self-

similar and it is considered that this can lead to anisotropic delamination. In a similar study, 

Mukherjee et al. [114] developed a 3D finite element model to calculate delamination initiation 

stress and strain energy release rates around a delamination of glass epoxy layered composite. 

Experiments were conducted in order to understand delamination growth between the layered 

composite and it has been observed that the preliminary results of the experiments and 

numerical simulations are in good agreement.  

Yashiro and Ogi [115] studied the effect of initially cut fibers (slits) on the fracture behavior 

of cross ply CFRP composite laminates with alternate or identical slit angle ±θ in the 0 plies. 

Experiments were conducted to understand damage near the slit in detail, and numerically 

estimated the damage progress by damage analysis with cohesive elements and a damage law. 

The predicted damage extension to the final failure agreed with the observations. Wisnom 

[116] performed open-hole tension and over-height compact tension tests with constant plane 

dimensions in order to understand the failure of FRP composites due to delamination. 

Experimental results demonstrated that when ply block thickness increases, the failure 

mechanism shifts from fiber-dominated fracture to complete delamination. Cameselle-Molares 

et al. [117] conducted experiments in order to investigate the behavior of 2D delamination 

along a circular embedded pre-crack at the center and mid-plane of GFRP composite laminates 

under quasi-static out-of-plane opening loading. Wang et al. [118] used FE analysis to examine 

two-dimensional (2D) delamination growth in fiber reinforced polymer (FRP) laminates with 

in-plane isotropy under mode I loading conditions. Depending on the different stages of 

fracture, two different sizes of plate models have been considered. Cohesive elements were 

used to simulate the fracture behavior with large-scale bridging (LSB). The effects of pre-crack 

shape/area, loading zone shape/area, and fracture resistance were investigated parametrically. 

It was identified during crack initiation and early propagation that neither a flatter pre-crack 

shape nor a flatter loading zone shape could lead to higher initial structural stiffness and less 

uniform distribution of the strain energy release rate (SERR) along the pre-crack perimeter.  

There has been a good number of works available in the direction of simulating the 

delamination growth in laminated composites using cohesive zone modeling (CZM) as well 
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as the virtual crack closure technique (VCCT) [119]. In CZM, the critical strain energy release 

rate needs to be known to capture the initiation and propagation of delamination. Whereas the 

modeling effort and computational time required are much higher in the CZM approach, the 

VCCT and CZM approach provides a similar prediction of delamination at the interface [120]. 

Therefore, in the present work, the VCCT method could be advantageously used when 

deciding the SERR components as well as critical SERR for estimating the resistance to 

delamination at the interface. 

2.7 Summary of literature review and research gaps 

From the exhaustive literature review, it was clear that CNTs have already emerged as an 

important element in the enhancement of important properties in traditional laminated FRP 

composites due to their exceptional mechanical, electrical, and thermal properties. From the 

existing literature, it was reported that ILSS and fracture toughness of conventional FRP 

composites were enhanced by the addition of CNTs in different forms. It is expected that in 

coming days with the improvement in manufacturing methods of CNTs, these may also be 

used as reinforcing members replacing conventional fibers. 

There have been a large number of works reported on the broad area of multiscale CNT-

reinforced composites in recent times. From a thorough review of the literature, the following 

important observations have been made. 

• From a large number of works, it has been concluded that carbon nanotubes can be 

used as reinforcing fibers in structural components. 

• Large number of works has been focused on fabrication, characterization, strength and 

load carrying capability of CNT-reinforced composites. 

• Most of the literatures reported that the addition of CNTs in FRP composite leads to 

improvement in mechanical properties such as tensile strength, flexural strength and 

fracture toughness. 

• In the existing literature, many researchers conducted experiments in order to study 

the fracture behavior of CNT composites and the influence of important parameters 

with the aim of improving interlaminar shear strength and fracture toughness.  

• There are also a few works focused on predicting the behavior of delamination 

initiation and propagation at the interface of CNT-reinforced composites using 

numerical techniques such as virtual crack closure technique (VCCT) and cohesive 

zone modeling (CZM) and reported that both techniques provide a similar prediction.  
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• In the existing literature, most of the works reported the critical strain energy release 

rate as an important parameter in understanding the failure behavior of CNT-

reinforced composites using VCCT.  

• From the literature it has been observed that to estimate the initiation and propagation 

of delamination, modeling effort and computational time required are much higher in 

the CZM approach. Therefore, the VCCT approach could be advantageously used 

when estimating the resistance to delamination at the interface. 

• A large number of works have been reported on failure analysis of FRP composites 

which consists of different failure modes such as fiber break, matrix cracking, 

delamination, etc. 

• There are also a few works reported that fiber debonding, pull out, etc. were failure 

modes in multiscale CNT-reinforced composites, but no work is reported to date on 

the analysis of three phase CNT composites with ply break or embedded delamination. 

2.8 Objectives of the present work 

From the exhaustive literature review, it was clear that CNTs have already emerged as main 

elements in the enhancement of important properties in traditional laminated FRP composites 

due to their exceptional mechanical, electrical, and thermal properties. In view of the fact that 

matrix properties play an important role in the interlaminar failure of FRP laminated 

composites, three phase (fiber/(CNT+epoxy)) where matrix is modified by adding CNTs to it 

gained importance and practical use to strengthen against such interlaminar failure. There have 

been a large number of works available in the three phase CNT composites where effect of 

adding CNTs to the matrix on the enhancement of properties are reported. In addition, there 

have been papers reporting the investigation of defects like ply break and impact induced 

interfacial delamination in conventional FRP laminated composites where it was shown that 

delamination usually precedes the final fracture in such laminates with defects. It was therefore 

felt important to understand the delamination initiation and such internal flaws in three phase 

CNT composites for assessing the performance of such three phase composites having internal 

flaws. More importantly, it was felt important to understand the role of CNTs in enhancing 

the resistance against failure initiation from such flaws both qualitatively and quantitatively. It 

was also reported that due to anisotropic material properties at the interface, the delamination 

ahead of such flaws at the interface is not self-similar and a complete three dimensional finite 

element analysis could be advantageously used for accurate assessment of stresses and 

displacement. However, no work has been reported where three phase fiber/(CNT+epoxy) 

composite laminates with internal flaws like ply break and interfacial delamination are 
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analysed to assess the chances of delamination initiation from such flaws and to understand 

the influence of CNTs on enhancement of resistance to such delamination. 

In view of the above observations from literature review, it was felt important to investigate 

the behavior of three phase fiber/(CNT+epoxy) composite laminates with internal defects like 

ply break and delamination where 3D FEA would be used along with the concept of LEFM 

to assess the chances of delamination from such defects and to understand the influence of 

adding CNTs to the epoxy. Therefore, in the present study the specific objectives have been 

laid down as follows: 

 

1. A full 3D FEA of a carbon/(CNT+epoxy) three phase composite laminates with 

a central ply broken part-through-the-width to  

(i) Determine the interlaminar stresses responsible for delamination and 

their distribution around the ply break. 

(ii) Determine the strain energy release rate components ahead of the ply 

break using the stresses and displacement and VCCI. 

(iii) Study the influence of CNTs and other important parameters on the 

SERR components. 

(iv) Determine the critical SERR using QSC and VCCI and to study the 

influence of CNT wt% on the critical SERR. 

 

2. A full 3D FEA of a carbon/(CNT+epoxy) three phase composite laminates with 

a through the width broken ply to  

(i) Evaluate the interlaminar stresses responsible for delamination and 

their distribution around the ply break. 

(ii) Evaluate the strain energy release rate components ahead of the ply 

break using the stresses and displacement and VCCI to understand the 

mixed mode nature of the delamination initiation. 

(iii) Investigate the influence of CNTs and other important parameters like 

resin thickness, ply angle at the interface etc. on the SERR components 

(iv) Evaluate the critical SERR using QSC and VCCI and to study the 

influence of CNT wt% on the critical SERR. 
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3. 3D FE model of a three phase carbon/(CNT+epoxy) composite laminate 

having an elliptical delamination at the interface of two laminae (due to low 

velocity impact) and to study the post impact behavior of such laminates 

subjected to loading to 

(i) Determine the interlaminar stress (responsible for delamination) 

distribution along the curved delamination front. 

(ii) Determine the components of strain energy release rates along the 

curved delamination front to understand the mixed mode 

delamination initiation. 

(iii) Study the influence of CNT wt% and other important parameters like 

size and shape of delamination, ply angle etc. on the components of 

SERR. 

(iv) Determine the critical SERR using QSC and VCCI along with the 3D 

FEA and to understand the influence of CNT wt% on the critical 

SERR. 

 

4. 3D FE model of a three phase carbon/(CNT+epoxy) composite laminate 

having two neighboring elliptical delaminations at the interface of two laminae 

(due to low velocity impact) and to study the post impact behavior of such 

laminates subjected to loading to 

(i) Understand the interaction of such neighboring delaminations by 

assessing the interlaminar stresses and SERR components especially, 

to study whether they grow as one single delamination or two separate 

delaminations. 

(ii) Understand the influence of important parameters like separating 

distance, size and shape of delaminations etc. on the inetractions of 

the delaminations. 

(iii) Study the influence of CNT wt% on the behavior of such interacting 

delaminations. 

 

The methodologies adopted for predicting the delamination initiation in three phase 

carbon/(CNT+epoxy) composites with ply break or embedded delamination to realise the 

objectives of thesis have been discussed in details in Chapter 3. 
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CHAPTER 3 

Theoretical background – FEA of three phase composite 

laminates with defects 

 

This chapter presents the theoretical background for the finite element analysis of the 

three phase CNT composites with ply break and embedded delamination. Starting with 

stress-strain relationship for an orthotropic lamina, evaluation of effective properties of 

carbon/(CNT+epoxy) lamina using micromechanics has been presented. This chapter also 

presents the FE modeling and the elements used for the FEA of three phase CNT composites 

with defects. 

3.1 Stress-strain relationship for orthotropic materials 

In a general continuum, the state of stress at a point of a body can be represented by nine 

stress components 
ij acting on the sides of an elemental cube with sides parallel to the axes 

x, y, and z of a global coordinate system as shown in Fig. 3.1. In a similar manner, the state 

of deformation is represented by nine strain components, kl . In general, the stress and strain 

components are related by the generalized Hooke’s law [121] as given by the following 

equation: 

 

              ( ,  ,  ,  1,  2,  3)ij ijkl klC i j k l = =                 (3.1) 

 

ij ijkl klS =                 (3.2) 

 

Where ij and kl  are the second order tensors, ijklC  and ijklS are fourth order tensors. 

ijklC is called a stiffness matrix comprising the elastic constants relating to stress and strain.  

ijklS is called as compliance matrix which is the inverse of the stiffness matrix. Hence, a total 

81 number of elastic constants are required to characterize a fully anisotropic material. 

However, due to the symmetry of stress and strain tensors ( , ij ji ij ji   = = ), the number 

of elastic constants is reduced to 36. In a matrix form the reduced Eq. 3.1 can be written as  
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                   C =  (3.3(b)) 

 

 

Figure 3.1: 3D state of stress at a point of a body 

In the case of a single lamina of a continuous fiber reinforced composite, it is appropriate 

to use an orthogonal coordinate system in which one axis is aligned with the direction of 

fibers. The study of a single lamina stress-strain behavior is equivalent to finding out the 

relations between the stresses applied to lamina-bounding surfaces as a whole. It can be 

believed that a single homogeneous material can replace the two-material-fiber-matrix system 

thus simplifying the analysis. It should be evident that this single material might not have the 

same material properties in all directions. An orthotropic material has three mutually 

perpendicular planes of material symmetry as shown in Fig. 3.2(a). This reduces the [C] 

matrix to 9 independent elastic constants.  

A transversely isotropic material as shown in Fig. 3.2(b) has symmetric properties about 

an axis which is normal to a plane of material isotropy in an orthotropic body. If all the 

planes in an orthotropic body are identical then the properties are the same throughout the 

body is called an isotropic material as shown in Fig. 3.2(c). 
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(a) Orthotropic body (b) Transversely isotropic body (c) Isotropic body 

Figure 3.2: Material types based on symmetry in properties 

In order to find the independent elastic constants of orthotropic material, a single lamina 

having unidirectional fibers with a reference coordinate system 1-2-3 is considered as shown 

in Fig. 3.3. In the 1-2-3 plane, Axis-1 is aligned with the direction of the fiber, axis-2 is 

perpendicular to the direction of fiber and in the plane of the lamina, and axis-3 is 

perpendicular to the plane of the lamina.  

Unidirectional fibers were reinforced in a repeating pattern as shown in Fig. 3.3 and plane 

2-3 is a plane of material isotropy. Due to this transverse isotropy, the properties in the two 

directions perpendicular to the fiber are the same. In an isotropic material, the properties in 

all three directions are the same. 

 

 

Figure 3.3: A single lamina with unidirectional fibers 
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The terms of [C] matrix can be computed for the given material properties in three 

directions such as 1E , 2E , 3E , 12 , 23 , 13 , 12G , 23G , and 13G where E represents Young’s 

modulus,   represent Poisson’s ratio, and G represents rigidity modulus. The relations 

among the material properties were given by the Maxwell-Betti Reciprocal theorem as  

     13 31 23 3212 21

1 2 1 3 2 3

;  ;  
E E E E E E

    
= = =            (3.5) 

Hence, the constant terms can be calculated using the following relations 
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where 12 21 23 32 13 31 21 32 13

1 2 3

1 2
 

E E E

        − − − −
 =

 

3.1.1 Stress transformation relations 

Material constants for isotropic materials do not change with changing the coordinate axes 

but for anisotropic materials, the constants in a particular direction change with changing the 

coordinate axes. The transformation relations find their application when the ply-material 

axes do not coincide with the global coordinate axes. As shown in Fig. 3.4, the x-y-z system 

is the global coordinate system, the 1-2-3 system is the material coordinate system or local 

coordinate system, and both are orthogonal to each other.  

 

Figure 3.4: Representation of global and material axes 
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From Figure 3.4, it can be seen that α, β, and γ are the angles made by 1, 2, and 3 axes 

with respect to the x, y, and z axes respectively. The direction cosines between the axes are 

shown in Table 3.1 and these can be represented by the matrix form which is given by [l] 

Table 3.1: Direction cosines between axes 

Axes x y z 

1 𝑙1 𝑚1 𝑛1 

2 𝑙2 𝑚2 𝑛2 

3 𝑙3 𝑚3 𝑛3 

 

     

1 1 1

2 2 2

3 3 3

[ ]

l m n

l l m n

l m n

 
 

=
 
  

           (3.7) 

The engineering strains can be transformed from the global axes to local axes by the 

following relation 
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   (3.8) 

where [T] is the 6×6 transformation matrix given by 
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The stress transformation relation is given by  

              
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   (3.10) 

From Eq. 3.3 the stress-strain relation can be written as     
xyz xyz

C = in global 

coordinate system or as    
123 123

C  =   in the local coordinate system. So, if C   is the 

constitutive relationship matrix in the fiber direction is known and by using equations 3.9, 

3.10 and the relation    
123 123

C  =    the global material matrix  C can be obtained by 

using the following relation 

 

               [ ] [ ]TC T C T =      (3.11) 

 

3.2 Methods to predict delamination initiation in composites 

It is widely known that composite structure laminates are highly prone to crack initiation and 

propagation along the interfaces of the laminae in different modes of failure. Defects such as 

ply break, matrix cracking and delamination generally occurs in fiber reinforced laminated 

composites due to external loading on structure such as static tension or compression, 

bending, in fatigue or impact, while manufacturing or in service. High interlaminar stresses 

near the ply break leads to delamination initiation at the interface of the broken ply and 

adjacent intact ply, as it can result in a significant reduction in in-plane strength and stiffness 

of the composite laminate, eventually leading to catastrophic failure of the whole structure 

[1, 2]. 

Interlaminar stresses (xz, yz and zz) at the interface are responsible for delamination 

initiation. Hence, the calculation of interlaminar stresses is important. There are two 

different types of approaches to compute the interlaminar stresses at the interface of 

composite laminate. Numerical methods namely finite difference [122] and finite elements 

[123–124] were used. Earlier analytical approaches majorly concentrated on one component 

at a time.  Pagano and Pipes [125] developed an analytical model for a rough approximation 
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of interlaminar normal stress by assuming a stress distribution and imposing force and 

moment equilibrium at the free edge. Pagano and Soni [126] formulated a variational 

method in order to calculate interlaminar stresses in composite parts. The approach is similar 

to sub-structuring in the conventional finite element method. 

The state of the interlaminar stresses at the interface is significant in delamination 

initiation. However, there has been a debate over how the concept of interlaminar stress state 

can be included in the prediction of delamination onset. Delamination is an initiation, 

growth, and final fracture process. Delamination onset always need not lead to a final 

fracture. It may propagate gradually even after the initiation. There are two methodologies 

for predicting the delamination initiation namely strength of materials approach and fracture 

mechanics approach. 

3.2.1 Strength of materials approach 

In strength of materials approach, the local stress state at the interface is compared to 

relevant strengths. Many researchers implemented different approaches to predict the onset 

of delamination. Maximum stress failure theory is based on the maximum normal stress 

theory by Rankine and the maximum shearing stress theory by Tresca as applied to isotropic 

materials. Failure of the lamina is predicted when any of the local normal and shear stress 

state of the lamina is equal to or exceeds the relevant ultimate strengths of the unidirectional 

lamina. Similarly, maximum strain failure theory also predicts failure when any of the local 

normal and shear strain state of the lamina is equal to or exceeds the relevant ultimate strains 

of the unidirectional lamina. This theory is based on the maximum normal strain theory by 

St. Venant and maximum shear stress theory by Tresca as applied to isotropic materials. Tsai 

and Hill [127–128] developed a failure theory for anisotropic materials based on the Von 

Mises distortion energy. Failure of lamina takes place when the distortion energy is greater 

than the failure distortion energy of the material. In this theory, the interaction between three 

unidirectional lamina strength parameters is considered and it does not differentiate between 

the tensile and compressive strengths in its equations. Similarly, Tsai-Wu [129] formulated a 

failure theory based on the Beltrami total strain energy. This theory distinguishes between the 

compressive and tensile strengths of a lamina. 

Whitney and Nuismer [130] calculated the stress at the edge of a hole in a composite plate 

and implemented the average stress concept to predict failure. Theoretical longitudinal stress 

( 11 ) is averaged across a distance from the edge of the hole. The average stress criterion is 

given by: 
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0

1
 

avgx

ij ij

avg

dx
x

 =             (3.12) 

where, ij  is the stress component, ij is the average stress component, x is the distance from 

the reference edge, avgx is the averaging dimension. If this stress reaches the critical value, 

then failure will take place. 

Similarly, before delamination onset, theoretical interlaminar shear and normal stresses 

considerably exceed reasonable strength parameters. As a result, Kim and Soni [131] tried to 

compare delamination onset with an average value of interlaminar normal stress. They 

averaged the stress over one nominal ply thickness and used the transverse strength of the 

unidirectional composite to estimate the interlaminar normal strength. Delamination 

initiation criterion is given by: 

     
t

zz Y =            (3.13) 

 

where: 
tY is the in-plane transverse strength of the unidirectional composite. They identified 

that tensile interlaminar normal stress is responsible for delamination initiation. Their results 

revealed that the theoretical value of interlaminar normal stress was significantly more than 

the estimated strength. 

In a further study, Soni and Kim [132] investigated the effect of interlaminar shear 

strength. They calculated the interlaminar shear strength as the in-plane shear strength of a 

unidirectional composite by averaging this shear component over one nominal ply thickness. 

According to the criterion proposed by them, delamination initiates when the absolute 

magnitude of the average interlaminar shear stress reaches the estimated shear strength: 

 

        Sxz =            (3.14) 

 

where: S is unidirectional composite in-plane shear strength. They did not mention about 

how to choose between the proposed two criteria. 

After that, Soni and Kim [133] developed a general criterion in which the effects of all 

interlaminar stresses were considered. By this criterion, delamination initiates when:  

 

     
2 2 2 1zz zz tt xz uu yz z zz t xz u yzF F F F F F     + + + + + =            (3.15) 
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where the coefficients can be obtained by conducting relevant in-plane shear and transverse 

strength tests. By eliminating terms based on shear stress sign, the criterion reduced to: 

 

     2 2 2 1zz zz tt xz uu yz z zzF F F F   + + + =            (3.16) 

 

The linear term in interlaminar stress is fairly important. It indicates that average 

compressive normal interlaminar stress can delay delamination initiation in cases where 

interlaminar shear stress dominates. 

Brewer and Lagace [134] developed a quadratic stress criterion (QSC) to predict the 

delamination. This criterion is based on average interlaminar stresses computed over a very 

small length ( a ). However, the evaluation of average stresses over a small length depends 

on the material properties of the interface. They conducted experiments to find delamination 

initiation stress in graphite/epoxy laminates. By using the strength data available in the 

literature, they fit in the equation and identified that the optimum value of small length is 

approximately equal to single-ply thickness. The value of a  is very small compared to other 

dimensions of the laminate. Hence, accurate computation of interlaminar stresses is 

achieved. In the present work, this criterion is used and it states that delamination will 

initiate when: 

 

     

222

1
yzxzzQ

Z X Y

    
 = + +           

           (3.17) 

where, the mean interlaminar normal stress ( z ) and interlaminar shear stresses ( xz  and 
yz

) are obtained by taking average over a small distance ( a ) ahead of the delamination front 

as follows 

     ( ) ( )
0

1
, , , ,

a

z xz yz z xz yz dx
a

     


=
             (3.18) 

and Z, X and Y are the corresponding interlaminar normal and shear strengths from the 

experiments. 

Lu et al. [135] have used the same criterion to predict the failure of the fiber yarn-matrix 

interface of 2.5D woven composites subjected to quasi-static tension. Similarly, Munoz-Reja 

et al. [136] used the same criterion to predict the crack initiation and propagation at fiber-

matrix elastic interfaces of carbon/epoxy and glass/epoxy composites under biaxial loading. 

TH-3312_166103110



46                                                                                                                                                       Chapter 3  

 

In a similar study, Lorriot et al. [137] proposed a model to predict the delamination initiation 

at the interface of a carbon/epoxy T800/914 composite by conducting edge delamination 

tests and the results are in good agreement with QSC results.  

3.2.2 Fracture mechanics approach 

Delamination can be considered as interlaminar cracks at the interface of the laminated 

composites. This motivated several researchers to study the delamination initiation and 

growth using fracture mechanics approach. There are two approaches in fracture mechanics 

namely linear elastic fracture mechanics (LEFM) and elastic-plastic fracture mechanics 

(EPFM). LEFM is based on the concept of small-scale yielding (SSY). In SSY, the plastic 

zone size ahead of the crack tip is very small compared to the crack length and other 

geometric parameters, and therefore constitutive relation of the material can be assumed to 

follow Hook’s law. Strain energy release rate (SERR) and stress intensity factor (SIF) was 

studied in order to assess delamination in LEFM. Whereas EPFM deals with the materials 

that have nonlinear behavior (i.e., plastic deformation) and time independent. J contour 

integral and crack tip open displacement (CTOD) were studied in order to predict the 

delamination in EPFM. The phenomenon of fracture clearly explained by three fundamental 

modes of fracture (first observed by Irwin (1957)) such as opening mode (mode I), sliding 

mode (mode II) and tearing mode (mode III). Fig. 1.7(a), 1.7(b), and 1.7(c) shows the mode 

I, mode II and mode III failures respectively.  

3.3 Computation of strain energy release rate using FE 

In the present work, strain energy release rate approach has been used in order to assess the 

delamination. The strain energy release rate is defined as the energy release per unit area of 

crack growth. Various finite element methods such as finite crack extension method, virtual 

crack extension method, equivalent domain integral method, crack closure method, and 

modified or virtual crack closure methods were used to determine the strain energy release 

rate.  

Kruger et al. [138] developed a finite crack extension method which is a combination of two 

complete analyses. The crack gets advanced for a finite length ahead of the second analysis, 

the crack advances for a finite length. This method calculates the global energy release rate 

which is the energy available to extend the crack by multiplying global forces on a structural 

level by global deformations. The virtual crack extension method is a one complete analysis used 

by different researchers [139−141] to determine the deformations of the structure. The total 

strain energy release rate is calculated locally at the crack front and the computation requires 

an additional calculation of the stiffness matrix of the elements caused by the virtual crack 
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extension. This method calculates the total strain energy release rate as a function of virtual 

crack extension direction, providing information probably on growth direction. Ishikawa 

[142] and George [143] have made some modifications to this method in order to allow the 

mode separation for 2D analysis. In some of the literature [144−146], an equivalent domain 

integral method is used to solve both linear and nonlinear problems and it also provides mode 

separation information additionally. The virtual crack closure technique [147−148] is often 

used for calculating energy release rates for delamination in laminated composite structures 

where the failure criterion is largely dependent on the mixed-mode ratio and propagation 

occurs in the laminate plane. 

The crack closure method computes the strain energy release rate components based on 

Irwin’s crack closure integral. This method assumes that the energy released by the extension 

of the crack from a  to a + a  is equal to the energy required for the crack closure. The 

modified or virtual crack closure method (VCCT) considers the same assumptions of crack 

closure method. Additionally, it is assumed that a crack extension of a  from a a+  to 

2a a+  does not alter the state of the crack tip [149]. These methods can also extend to 

compute energy release rates in multi-scale laminated composites. 

3.3.1 SERR along the flat crack front 

Figure 3.5 represents the FE calculation of SERR by Irwin’s crack closure integral in 3D. 

For an existing crack length of a , three components of SERR can be calculated using virtual 

crack closure integral (VCCI) as 
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(3.21) 

 

 

Here, a  is the crack length, c is the width of the delamination, a  is the virtual crack 

extension length. , ,t t tu v w
 
and , ,b b bu v w  are the nodal displacements along x, y and z 

directions of the top surface and bottom surface respectively of the delaminated region at a 

distance of a behind the delamination front. z is the interlaminar normal stress and 

,  xz yz   are the interlaminar shear stresses at the interface. 
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Figure 3.5: FE computation of SERR using Irwin’s crack closure integral (3D) 

3.3.2 SERR along the curved crack front 

The delamination front in case of circular or elliptical delamination is curved one as shown in 

Fig. 3.6. On a curved delamination front, coordinate transformation on displacements and 

stresses can be carried out to calculate strain energy release rate components. At any point, 

the crack closure integral’s integrand can be computed along the delamination fronts normal. 

Interlaminar stresses ( zz  , zn , and zt ) and the corresponding displacements could be 

obtained using a 3D FE analysis. At any point P on the delamination front, strain energy 

release rate ( ,  I IIG G and IIIG ) components can be computed using the following equations: 
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Where zn and zt  can be computed using the following equations 

    cos sinzn xz yz    = −             (3.25) 

    sin coszt xz yz    = +             (3.26) 

Where   is the angle considered normal to the point P 
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Figure 3.6: FE computation of SERR along elliptical delamination front 

3.3.3 Critical strain energy release rate  

For a ply break or intefacial delamination, considering the delamination front as the crack 

front, delamination initiation for a given loading occurs if the total SERR (

I II IIIG G G G= + + ) is greater than critical SERR ( cG ). Using the stress based approach, 

QSC, the condition Q = 1 represents the delamination initiation and using LEFM, 
cG G=  

represents the delamination initiation. So, at the instant of delamination knowing the stresses 

, we could calculate cG . 

3.4 Characteristics of elements used in FE modeling 

In the present work, SOLID 185 and CONTA 178 elements are used in finite element 

modeling of the composite laminates. The characteristics of the both the elements are given 

in below sections. 

3.4.1 SOLID 185 element 

In ANSYS, SOLID 185 [150] is a 3D brick element as shown in Fig. 3.7, which is widely 

used for modeling of solid structures. It is defined by eight number of nodes having three 

translation degrees of freedom at each node in the nodal x, y, and z directions. The element 

has creep, large deflection, plasticity, hyper elasticity, large strain capabilities and large 

deflection.  

Solid 185 is available in two forms such as homogeneous structural solid and layered 

structural solid. Irregular regions can be modeled with help of structural solids in the form of 

degenerated prism, tetrahedral, and pyramid shapes. Layered SOLID 185 used to model the 

 
 

TH-3312_166103110



50                                                                                                                                                       Chapter 3  

 

layered thick shells or solids. Figure 3.7(a) and 3.7(b) shows the coordinate system, 

geometry, and node locations of the homogeneous and layered structural solid respectively. 

 

  
(a) (b) 

Figure 3.7: FE geometry of (a) homogeneous structural solid (b) layered structural solid 

 
 

(a) (b) 

Figure 3.8: Representation of SOLID 185 in (a) global coordinates (b) natural coordinates 

 

In finite element analysis, the isoparametric elements are used to map the curved 

boundaries in global coordinate system into regular traingular and regular elements in 

natural coordinate system. Figure 3.8(a) and 3.8(b) represents the structural solid in global 

and natural coordinates respectively. The mapping is done with help of interpolation 

functions called as shape functions. The shape functions for the SOLID 185 is given by the 

following equation 
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(3.27) 

In a simplified form the shape functions can be written as  

( )( )( )
1

1 1 1        1,  2,  3,......8
8

i i i iN i  = + + + =                                     (3.28) 

3.4.2 CONTA 178 element 

CONTA 178 [150] element is node to node contact element which provides contact and 

sliding between two nodes of any type of elements. The element is defined by two nodes 

having three translation degrees of freedom at each node in the nodal x, y, and z directions. It 

can also be employed in 2D and axisymmetric models by constraining translational degree of 

freedom in z direction. The element can be able to support compression in contact normal 

direction and Coulomb friction in tangential direction.  

Figure 3.9 represents geometry of the CONTA 178 element. The element supports four 

different contact algorithms named as Pure penalty method, Augmented Lagrange method, 

Pure Lagrange multiplier method, and Lagrange multiplier on contact normal penalty on 

frictional direction. In the present work, Augmented Lagrange method is used in which the 

parameters such as contact normal stiffness, maximum allowable penetration, and maximum 

allowable slip needs to be defined. 

 

Figure 3.9: CONTA 178 element geometry and coordinate system 
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The normal contact force is given by 
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 where 𝐾𝑛= contact normal stiffness, 𝑢𝑛 = contact gap size, and 𝑖+1= Lagrange 

multiplier force at iteration 𝑖 + 1 is given by  
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where 𝜀𝑡  = user-defined compatibility tolerance 

 

3.5 FE modeling of ply break and embedded delamination 

In the case of ply break, a full 3D FE modeling has been done in order to capture the 

interlaminar stresses responsible for delamination at the interface. The laminate has been 

modeled as number of sub-laminates above using the layered solid element and the ply break 

has been modeled by considering a particular ply cut throughout the width or part-through-

the-width. Since the delamination ahead of the ply break actually initiates and propagates 

through a very thin resin rich layer [151–152], the two interfaces (above and below the 

broken ply) between the broken and the adjacent intact plies are modeled as thin (0.1 times 

the ply thickness) resin rich layers.  At the interface of the broken and continuous ply, a small 

amount delamination is assumed to exist and the straight delamination front is considered as 

the crack front for delamination of SEER components. Duplicate nodes have been defined 

along the interface and are connected by the multi-point constraint (MPC) equations. Along 

the small delaminated zone ahead of the ply break these MPCs are released. However, these 

nodes at the delaminated zone have been connected by the contact element to prevent the 

undesirable interpenetration [150] of the top and bottom nodes in FEA. These contact 

elements are active when the two surfaces are in contact and prevent any interpenetration. 

However, the friction between the delaminated surfaces is neglected in the present modeling 

and the branching of the crack is ignored assuming the delamination plane is the weakest 

plane. 

 While modeling the defects in the form of an embedded sub surface delamination 

(elliptical shape) at the interface, the laminate is modeled as two sub laminates above and 

below the interface where the delamination exists. Again, the interface is modeled as thin 

(0.1 times the ply thickness) resin rich layer and the elliptical delamination has been modeled 
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by deleting elements from the layer and separating the two sub-laminates at the 

delamination. In the delaminated region, the top and the bottom surface nodes are connected 

by the contact elements which prevent the undesirable interpenetration of the two surfaces in 

contact. 

ANSYS parametric design language has been used to create the model and from the 

solution and post-processing the displacements, stresses, and strains are obtained. In the post-

processing, macros have been written for implementing the QSC and calculations of SERR 

components using VCCI. Depending upon the delamination front (straight or curved), 

appropriate transformations of displacements and stresses have been performed before using 

those for the determination of SERR components. 

3.6 Calculation of properties of carbon/(CNT+epoxy) composite 

The laminae properties are evaluated by first computing the properties of the matrix 

(CNT+epoxy) with the help of Halpin-Tsai relations [153] and then the 

carbon/(CNT+epoxy) composite properties are evaluated using the rule of mixtures. For 

composites in which CNTs are considered to be randomly oriented and uniformly distributed 

throughout the resin matrix, the Halpin-Tsai equations are more elaborate and correlate 

specific geometric characteristics of CNTs, and the relative modulus of elasticity of a 

composite is related to the mechanical properties of its constituents by the following equation 
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where  2 /CNT CNTl d = , L and T are the parameters which are represented by  
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where CE = elastic modulus of the (CNT+epoxy), CNTE = elastic modulus of CNTs = 400 

GPa, mE = elastic modulus of neat epoxy = 3.1 GPa, CNTl = length of CNTs = 30 µm, CNTd = 

diameter of CNTs = 20 nm and  CNTV = volume fraction of CNTs given by the following 

equation 
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where CNT = density of CNTs = 2.1 g/cc, m = density of epoxy matrix = 1.2 g/cc, mM  is 

the mass fraction of epoxy matrix, and CNTM is the mass fraction of CNTs. As the mass 

fraction of CNTs is small, Poisson’s ratios of the epoxy and CNT composite were considered 

to be the same. The shear modulus for the matrix (CNT+epoxy) is calculated as 

      
2 (1 )

c
m

E
G


=

+
           (3.35) 

These properties of modified matrix (CNT+epoxy) obtained using Halpin-Tsai equations 

along with the properties of carbon fibers are then used to compute the properties of 

carbon/(CNT+epoxy) lamina using micromechanics rule of mixture. 
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CHAPTER 4 

Three phase carbon/(CNT+epoxy) laminates with part 

through the width ply break  

 

This chapter presents the FE analysis of a three phase carbon/(CNT+epoxy) laminate 

having a defect in the form of part-through-the-width ply break. Different configurations of 

laminates have been considered to understand the factors influencing the delamination at the 

interface of broken and intact ply. Influence of CNT wt% on the delamination has been 

investigated and presented in this chapter. 

4.1 Introduction 

One of the common defects in a laminate subjected to loading is fiber breakage especially 

when a laminate is subjected to impact load. Once the weakest fiber breaks, the adjacent 

fibers in that lamina get over stressed and break thus forming a part-through-the-width ply 

break in the laminate. Once such a ply break occurs, the adjacent plies experience more stress 

and there are high interfacial shear and normal stresses at the interface ahead of the ply break 

causing delamination initiation and propagation and leading to the final fracture of the 

laminate. More importantly, these types of part-through-the-width ply breaks are not visible 

from outside and resemble a buried sub-surface crack which is the cause of failure in many 

laminates. It is therefore important to enhance the resistance to such delamination arising 

from ply break.  

4.2 Laminate specimen and FE modeling 

Fig. 4.1 shows a three phase 20 / / 0
s

   carbon/(CNT+epoxy) laminate with the central 

lamina partly broken through the width. It is considered that the laminate is made of epoxy 

resin mixed with CNTs as the matrix and carbon fiber as the primary reinforcement (60% 

fiber volume fraction). In order to understand the effect of ply break width, four different 

widths (c = 2, 8, 16 and 20 mm) have been considered. In addition, in order to understand 

the effect of fiber orientation of adjacent intact ply, five different ply angles                               

( 0 ,30 ,45 ,60    = and 90
) have been considered.  Different weight percentages (wt%) 

(0%, 0.25%, 0.5%, 1%, and 1.5%) of CNTs are considered to have mixed with the epoxy to 

investigate the influence of CNTs on the resistance to delamination at the interface. Due to 

the fact that delamination at the interface actually propagates through a very thin resin rich 
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layer, adding CNTs to the epoxy may actually result in an increase in the thickness of this 

resin rich layer. Hence, in the present study, three different resin layer thickness (0.005 mm, 

0.01 mm and 0.015 mm) has been considered in order to study the influence of resin layer 

thickness on delamination resistance. Elastic properties of CNT+epoxy (matrix) and 

carbon/(CNT+epoxy) composite laminates were shown in Table 4.1, which were calculated 

using Halpin-Tsai equations and the rule of mixtures principle in micromechanics [73] as 

discussed in section 3.6 of Chapter 3.  

A high magnitude of interlaminar stresses induced near the ply break might lead to 

delamination at the interface of such broken ply and adjacent continuous ply. When such a 

ply break occurs, it separates from the adjacent intact ply by a very small length. Hence, very 

small delamination ahead of the ply break at the interface is considered. In order to assess the 

delamination growth at the interface, stress based criteria and fracture mechanics based 

criteria could be used.  Figures 4.1(a) and 4.1(b) show an exploded view of a laminate with 

the central ply broken partly through the width and delamination fronts (PQ and RS) 

respectively. 

At the delamination fronts, interlaminar stresses and displacements could be obtained by 

performing a full three dimensional finite element analysis. Delamination growth at the 

interface could be assessed by using the obtained out-of-plane stresses xz , 
yz , z and by 

using the proper failure criterion. Additionally, the strain energy release rate could be 

evaluated to assess the propensity of the delamination growth by considering the 

delamination as an existing crack. 

Table 4.1: Elastic properties of carbon/(CNT+epoxy) composites [73] 

 
Matrix 

 (CNT+epoxy) 

Composite  

(Carbon fiber (60%) + (CNT+epoxy)) 

CNT 

wt%  

in epoxy 

Tensile 

modulus 

(GPa) 

Poisson’s 

ratio 

  

Shear 

modulus 

(GPa) 

Longitudinal 

tensile 

modulus  

E1 (GPa) 

Transverse 

tensile 

modulus  

E2 (GPa) 

In-plane 

Poisson’s 

ratio 

 ν12 

In-plane 

shear 

modulus          

G12 (GPa) 

0.0%  3.10 0.35 1.15 98.92 7.59 0.284 2.75 

0.25% 3.46 0.35 1.28 124.48 8.46 0.284 3.07 

0.50% 3.83 0.35 1.42 128.94 9.34 0.284 3.39 

1.00% 4.26 0.35 1.58 138.35 10.36 0.284 3.77 

1.50% 4.41 0.35 1.63 142.58 10.72 0.284 3.89 

 

A full 3D FE analysis has been performed using ANSYS general purpose FE software. In 

order to model the laminate with part-through-the-width ply break (preprocessing) and for 

obtaining the solution, a code has been developed using ANSYS parametric design language 

(APDL). In addition, the same code has been used for calculating interlaminar stresses, 
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displacements and components of strain energy release rate (SERR) using virtual crack 

closure integral (VCCI) (postprocessing). 

 

(a) 

 

(b) 

Figure 4.1: (a) Exploded view of the 20 / / 0
s

   laminate with central 0 ply broken partly through 

the width (b) Front view and top view of laminate interface. PQ and RS are the delamination fronts 

Eight noded solid elements (SOLID 185 in ANSYS) [150] with three translational degrees of 

freedom per node are used for modeling the laminate. The interface between the broken and 

continuous ply has been modeled in the present FE study with a thin (0.01 mm) resin rich 

layer since the delamination propagates through a very thin resin layer at the interface 

[151−152 ]. In order to avoid the interpenetration of the delaminated surfaces in FE analysis, 

these top and bottom nodes at the delaminated region are connected by bilinear node-to-node 

contact elements that are embodied in ANSYS as CONTA 178. CONTA 178 [150] is a two 

noded element with three translational degrees of freedom at each node, allowing small 

sliding contact and compression. By using the stresses and displacements obtained from the 
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FE analysis, SERR components are evaluated using the VCCI technique as discussed in 

section 3.3.1 of Chapter 3 

4.3 Results and Discussions 

A full 3D FE analyses have been performed for different configurations of three phase 

carbon/(CNT+epoxy) composite laminate consisting of four different weight percentages 

(0.25%, 0.5%, 1% and 1.5%) of CNTs mixed with epoxy, for four different widths of the ply 

break (c = 2, 8, 16 and 20 mm), three different resin layer thicknesses (tr = 0.005, 0.01 and 

0.015 mm), and for five different adjacent intact ply angles ( 0 ,30 ,45 ,60    = and 90
).  

However, before carrying out the FE analysis of the three phase laminated composite with 

ply break, validation and convergence of the FEA have been carried out to check the correct 

computation of SERR components and to decide on the required mesh refinement.  

4.3.1 Convergence and validation 

In order to validate the computation of SERR components using VCCI in the present FE 

analysis, a double cantilever beam (DCB) specimen (shown in Fig. 4.2) made of 

unidirectional orthotropic carbon/epoxy composite (E1 = 135 GPa, E2 = 10 GPa, G12 = 5 GPa 

and ν12 = 0.3) has been considered. The dimensions (refer to Fig. 4.2) of the DCB specimen 

are 150 mm length (along x), 25 mm width (B, along z), 3 mm thickness (2h, along y) and 30 

mm crack length (a). A 3D FE analysis is performed by applying a uniformly distributed load 

on the beam and mode I SERR (GI) calculated from the present FEA is compared with the 

theoretical solution [154] given by  

     
2 2

2 3

1

12
I

P a
G

B h E
=            (4.1) 

Table 4.2 shows the convergence of the solution with successive mesh refinement and it 

agrees well with the analytical solution [154].  

Table 4.2: Convergence and validation of FE model 

  IG  (N/mm) 

Number of elements 
Present FE 

solution 

Reference analytical 

solution [154] 

1800 0.029 

0.024 

7200 0.028 

12600 0.027 

18000 0.026 

25200 0.024 

36000 0.024 
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Figure 4.2: FE model of DCB orthotropic specimen for evaluating IG  

4.3.2 Stress distribution 

The 3D FE model of the laminated specimen is shown in Figure 4.3. The centre ply contains 

a part-through-the-width ply break, which is embedded and not visible in the FE model. 

Stress concentration results from the redistribution of stresses near the vicinity of the ply 

break caused by the ply break. In order to capture the stress gradient of interlaminar stresses, 

which is necessary for computing SERR components using VCCI, a highly refined mesh near 

the break is used. The laminate shown in Fig. 4.3(a) is subjected to uniaxial loading, which 

is simulated by using the following boundary conditions.  

At x = 0, for all nodes, ux = uy = uz = 0 and at x = L all the nodes are subjected to uniform 

axial load. From the current FE analysis, Interlaminar normal and shear stresses induced at 

the interface of the broken and intact plies are obtained for 0 = . With those interlaminar 

stresses and displacements computed from FEA, SERR components have been evaluated 

using VCCI as described in section 3.3.1 of Chapter 3. 

 

  

(a) (b) 

Figure 4.3: (a) 3D FE model of the laminate (b) zoomed view near the ply break 
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In order to capture the interlaminar stresses accurately a highly refined mesh near the ply 

break has been used. Figure 4.4 shows the convergence of interlaminar shear stress with 

successive mesh refinement and as listed in Table 4.3, there has not been any change in the 

magnitude of the maximum interlaminar stresses beyond 5,79,600 elements. Based on the 

convergence study, the laminate is modeled by 5,79,600 solid 185 elements and the top and 

bottom delaminated surfaces are connected by 396 CONTA 178 elements. 

 

Figure 4.4: FE mesh convergence of a carbon/epoxy composite (c = 2 mm, 0 = ) 

Table 4.3: Convergence of FE Mesh 

 

 

 

4.3.2.1 Axial stresses along the length of plies 

In absence of a ply break, the axial load is equally shared by all the plies. But as a result of 

ply break, there is a redistribution of axial stresses near the ply break and the axial stresses on 

the adjacent intact plies increase. Figure 4.5 shows the distribution of axial stress ( x ) in the 

broken as well as in the intact plies of a 
9

0   carbon/epoxy laminate corresponding to a ply 

break width, c = 2 mm. Since the stress distribution is symmetric on either side of the 

delamination, stress variation over only one half of the laminate length is shown. It is clear 

from the stress plot that the redistribution of axial stress takes place in the vicinity of the ply 

break only over a small length and it reaches the nominal value away from the break. Figure 

4.5 also shows that the stress in the broken ply is zero over a small distance near the ply 

Mesh number Number of elements  xz (MPa) 

1 151200 34.6 

2 283500 33.7 

3 378000 33.7 

4 579600 32.7 

5 630000 32.7 
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break indicating that it is ineffective over that distance and as a result, the neighboring intact 

plies get overstressed with the adjacent ply experiencing the highest stress concentration of 

1.2 increasing the chances of failure. However, at a small distance away from the ply break 

(in this case, it is 5 mm), the stress in the broken ply reaches the nominal stress and it could 

participate in load bearing. 

  

 

Figure 4.5: Variation of x  along the length of broken and intact plies  

4.3.2.2 Effect of ply break width on axial stresses of an adjacent intact ply 

 

Figure 4.6: Variation of x  along the length of adjacent intact ply  

It could be clearly seen from Fig. 4.5, adjacent intact ply near to broken ply experiences 

stress concentration enhancing the chance of tensile failure of the adjacent ply. Hence, it is 

important to understand the influence of ply break width (c) on such stress concentration of 

axial stresses in adjacent intact plies. Figure 4.6 shows the distribution of axial stress ( x ) in 

the adjacent intact ply of carbon/epoxy laminate corresponding to different ply break widths. 
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It is clear from Fig. 4.6 that as the ply break width increases, axial stress in the adjacent 

intact ply increases initially when the width increases from c = 2 mm to c = 8 mm but as the 

width approaches the full width, it is insignificant. In the present case, as the ply break width 

increases from c = 2 mm to c = 8 mm, the stress concentration increases from 1.2 to 1.24 and 

thereafter almost constant. This shows that a smaller width ply break grows to a larger width 

ply break.  

4.3.2.3 Interlaminar stresses along the interface 

 

  

(a) (b) 

 

(c) 

Figure 4.7: Variation of (a) z   (b) xz  (c) 
yz  along the interface  

Since at the tip of the break, the axial stress in the broken ply is zero but at a certain distance 

ahead of the break, the axial stress is fully developed, therefore, interlaminar stresses are 

developed at the interface of the broken and intact plies near the ply break. Figures 4.7(a), 

4.7(b) and 4.7(c) show the distribution of interlaminar normal stress ( z ), interlaminar shear 

stress, xz  and interlaminar shear stress, 
yz  respectively along the interface of the broken 
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and intact plies for a ply break width of c = 2 mm. It is observed that in all the cases, the 

magnitudes of interlaminar stresses ( z  , xz  and
yz ) at the interface increase sharply in the 

vicinity of the ply break and away from the break these stresses die down to zero. Since the 

interlaminar stresses exist only over a small length along the interface of the broken and 

adjacent intact plies, for a clear demonstration of interlaminar stress variation, the stresses 

are plotted over a small length along the interface instead of the full length. Beyond that 

length, the interlaminar stresses are zero. Interlaminar stresses z , xz  and 
yz are 

responsible for delamination at the interface. In the present case of axial loading of the 

laminate, xz   is significantly higher compared to z and 
yz . Also, negative value of z

shows that opening mode of delamination is absent and a very small magnitude of 
yz

indicates that anti-plane shear mode is insignificant and the only dominant mode of 

delamination is shearing mode.  

4.3.2.4 Effect of CNT wt% and resin thickness on interlaminar stresses  

  

(a) (b) 

Figure 4.8: Variation of xz  along the interface (a) for different CNT wt% (b) for different resin 

thickness 

Since only xz  is the dominant interlaminar stress, variation of xz along the interface of the 

broken and intact plies for different wt% of CNT in resin and for different resin thickness has 

been studied to understand the influence of CNT wt% and resin thickness on the interlaminar 

stresses. Figure 4.8(a) shows that magnitude of xz does not change significantly with the 

inclusion of CNTs in the epoxy. This is due to the fact that the axial stress in the broken and 

continuous plies do not depend on the materials properties and the development of shear 

stress at the interface is due to the difference in axial stresses in the broken and intact plies. 

However, as shown in Fig. 4.8(b), magnitude of xz decreases significantly as the resin layer 
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thickness is increased and as a result the chance of delamination at the interface of the broken 

and intact plies decreases. These figures are corresponding to a ply break width c = 2 mm. 

However, similar trends were observed for other values of c also. 

4.3.2.5 Effect of ply break width and intact ply orientation on interlaminar stresses  

In order to understand the influence of ply break width, interlaminar stresses have been 

computed for carbon/epoxy neat composites having different ply break widths (c = 2 mm, 8 

mm, 16 mm and 20 mm) with a resin thickness of 0.01 mm. Figure 4.9(a) shows the 

variation of interlaminar stress ( xz ) with increasing ply break width and for corresponding 

to a resin thickness of tr = 0.01 mm. It could be clearly seen that even though the increase in 

xz  with the increase in ply break width is not that significant. 

In order to understand the influence of adjacent intact ply angle, interlaminar stresses 

have been computed for carbon/epoxy neat composites having ply angles varying from 

0 = to 90
 with rt = 0.01 mm and c = 2 mm is considered. Figure 4.9(b) shows the 

variation of xz for different ply angles along the interface and it has been observed that there 

is a sharp rise in the magnitude of xz near the ply break and decrease to zero away from the 

ply break. It could also be seen that xz  is maximum for  =30
subjected to same axial 

loading. 

  

(a) (b) 

Figure 4.9: Variation of xz  along the interface (a) for different ply break width (b) for different ply 

angle 
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4.3.3 Strain energy release rate around the ply break 

Considering the delamination fronts (PQ and RS in Fig. 4.1) as the crack fronts, components 

of strain energy release rate ( , ,I II IIIG G G  ) have been computed using VCCI as described in 

section 3.3.1 of Chapter 3 for laminates with different wt% of CNTs in epoxy.  

4.3.3.1 Effect of CNT wt% on strain energy release rate 

 

Figure 4.10: Variation of IG , IIG and IIIG with different CNT wt%  

In order to understand the influence of CNT wt% on SERR, different wt% viz. 0%, 0.25%, 

0.5%, 1% and 1.5% are considered and FE analysis have been carried out where components 

of SERR are calculated using VCCI. Figure 4.10 shows the variation of IG , IIG and IIIG

with different CNT wt% mixed with epoxy for a ply break width of c = 2 mm. As already 

seen that the interlaminar stresses z and 
yz are insignificant leading to IG  and IIIG  to be 

negligibly small compared to IIG (due to xz ) which happens to be the dominant mode. The 

same could be seen in Fig. 4.10 where IG  and IIIG  are negligibly small compared to IIG . In 

addition, it could be seen that addition of CNTs to the epoxy leads to significant reduction in 

IIG . This is due to the fact that as the CNTs are mixed with the epoxy, the stiffness increases 

and as a result the SERR components decrease with the addition of CNTs to the epoxy.  

4.3.3.2 Effect of ply break width on strain energy release rate 

In order to understand the influence of ply break width, SERR has been computed for 

different ply break widths (c = 2 mm, 8 mm, 16 mm and 20 mm) corresponding to different 

CNT wt%. Figure 4.11(a) show the variation of IIG  with increasing ply break width for 
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different CNT wt% for resin thickness of tr = 0.01 mm. It could be observed that, increase in 

IIG  with increasing ply break width is insignificant as was the case for interlaminar stress xz . 

4.3.3.3 Effect of resin layer thickness on strain energy release rate 

To understand the influence of resin layer thickness on IIG , IIG has been calculated for 

different resin thicknesses ( rt = 0.005 mm, 0.01 mm, and 0.015 mm) corresponding to the 

different wt% of CNTs. Figure 4.11(b) shows the variation of IIG with increasing resin 

thickness for different wt% of CNTs for a ply break width of c = 2 mm. It has been observed 

that as the resin layer thickness increases, IIG  slightly increases and the increase is not 

significant. 

 

  

(a)   (b) 

 

(c) 

Figure 4.11: Variation of IIG with different (a) ply break width (b) resin thickness (c) ply angle 

TH-3312_166103110



Three phase carbon/(CNT+epoxy) laminates with part through the width ply break                                         67 

 

4.3.3.4 Effect of adjacent intact ply orientation on strain energy release rate 

In order to understand the effect of fiber orientation of neighboring intact ply on IIG , IIG has 

been calculated for different fiber orientations ( 0 = to 90
) corresponding to the different 

wt% of CNTs. Figure 4.11(c) shows the variation of IIG with increasing fiber orientation for 

different wt% of CNTs for a ply break width of c = 2 mm. It could be seen that as the fiber 

orientation angle increases, IIG  increases significantly up to 45 = and beyond that the 

increase is not that much significant. This is due to the property mismatch between the 

adjacent plies. 

 

4.3.4 Critical strain energy release rate ( cG ) 

Critical SERR ( cG ) has been computed for all these laminate configurations following the 

discussion in section 3.3.3 of Chapter 3 to understand the influence of CNT wt% in epoxy on 

the resistance to delamination. 

4.3.4.1 Effect of CNT wt% on critical SERR 

In order to study the effect of adding CNTs in epoxy on the critical SERR ( cG ), cG has been 

computed for different wt% of CNTs viz. 0%, 0.25%, 0.5%, 1% and 1.5% and plotted as 

shown in Fig. 4.12 corresponding to ply break width c = 2 mm. Figure 4.12 shows that with 

an increase in the wt% of CNTs, there is a significant increase in cG Table 4.4 shows 

percentage increase in cG for different CNTs wt% in epoxy. The value of cG attains 

maximum corresponding to 1% CNTs which is 36% more than that corresponding to neat 

resin (0% CNTs). However, with an additional increase in weight % of CNTs beyond 1%, cG

decreases again despite it being greater than that corresponding to neat resin. Hence, cG  

being a measure of the laminate's resistance to delamination at the interface, the results from 

the current study clearly confirm that addition of CNTs to the epoxy enhances the resistance 

to delamination at the interface of partly broken ply and intact plies. However, there is an 

upper limit to the weight percentage of CNTs to be added to the epoxy to achieve maximum 

resistance, which is 1% in the present case but may vary depending on the type of laminates. 

Similar results were also reported in the experimental results [155] where the interface 

strength of laminates was observed to increase with increase in carbon nanofillers only up to 

a certain weight percentage and in [156] where a full width ply break was considered.  
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Figure 4.12: Variation of cG with CNT wt%  

Table 4.4: Percentage increase in cG with CNT wt% 

 

 

 

 

4.3.4.2 Effect of ply break width on critical SERR 

Figure 4.13(a) shows the plot of cG computed for different ply break width and for different 

CNT wt%. It could be clearly seen that while the variation of cG with CNTs wt% show the 

similar trend for all the ply break widths, cG is independent of ply break width showing that 

cG is constant for a given laminate. 

4.3.4.3 Effect of resin layer thickness on critical SERR 

Since addition of CNTs may lead to increase in thickness of the resin layer, influence of resin 

layer thickness on the critical SERR ( cG )  has been studied by varying the thickness of resin 

layer at the interface between the broken and adjacent continuous plies between 0.05 to 0.15 

times the ply thickness and cG is computed for all the cases. Figure 4.13(b) shows the 

variation of cG with resin layer thickness for different weight percentages of CNTs in epoxy. 

It is observed that in all the cases, when resin layer thickness is increased from 0.005 mm to 

0.015 mm, cG increases by 42% showing that thicker the resin, more will be the resistance to 

S. No % (weight) CNT % increase in cG  

1 0  -- 

2 0.25 14% 

3 0.5 19% 

4 1 36% 

5 1.5 27% 
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delamination at the interface of the broken and intact ply in a three phase 

carbon/(CNT+epoxy) laminate having a part-through-the-width ply break. 

4.3.4.4 Effect of adjacent intact ply orientation on critical SERR 

Figure 4.13(c) shows the effect of fiber orientation of adjacent lamina on cG of the laminate 

for different wt% of CNTs in epoxy. It could be clearly seen that in all cases, as the fiber 

orientation changed from 0 to 90 , critical strain energy release rate increases (by 20%) 

significantly till 60 and after that remains almost same which shows more resistance to 

delamination at the interface of the broken and intact ply of a laminate having a part-

through-the-width ply break. 

 

  

(a) (b) 

 

(c) 

Figure 4.13: Variation of cG with (a) different ply break width (b) different resin thickness (c) different 

ply angle  
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4.4 Summary 

In the present chapter, the influence of adding CNTs to adhesive resin on the resistance to 

delamination at the interface of broken and continuous plies in a laminate having a part-

through-the-width ply break has been studied. A full 3D finite element analysis has been 

carried out to compute interlaminar stresses and critical SERR to understand the influence of 

adding CNTs to epoxy on the resistance to delamination growth at the interface. The 

following important observations have been drawn from numerical results  

• Both in-plane and out-of-plane stresses are induced at the interface of the broken and 

intact plies due to ply break. The stresses get redistributed in the vicinity of the ply 

break over a small length, leading to a stress concentration, and reach the nominal 

value away from the break. 

• For smaller width ply break, as the ply break width increases the stress concentration 

in the adjacent intact ply increases but as the ply break width approaches the full 

width it is insignificant.  In the present case, as the ply break width increases from c = 

2 mm to c = 8 mm, the stress concentration increases from 1.2 to 1.24 and thereafter 

almost constant. This shows that a smaller width ply break grows to a larger width 

ply break.  

• In the vicinity of the ply break at the interface between the broken and intact plies, 

though all the three out-of-plane interlaminar stresses are present, in the case of axial 

loading of the laminate, xz   is significantly higher compared to z and
yz , which 

indicates the dominant mode of delamination is the shearing mode. 

• The magnitude of xz  decreases with an increase in resin layer thickness showing that 

thicker the interfacial resin layer less is the chance of delamination. 

• The magnitude of xz does not change significantly with the inclusion of CNTs in the 

epoxy. 

• The magnitude of xz though does not change significantly with increasing ply break 

width however strongly influenced by the relative ply orientation ( ) at the interface 

of broken and intact plies. This is same for all cases of CNT wt%. 

• The fact that the interlaminar stresses z and 
yz are insignificant compared to xz is 

reflected in the SERR components and it was observed that IG  (due to z ) and IIIG  

(due to 
yz ) were negligibly small compared to IIG (due to xz ) which happens to be 

the dominant mode. 
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• The increase in mode II SERR IIG  with increasing ply break width is insignificant as 

was the case for interlaminar stress xz . 

• As the resin layer thickness increases, IIG  increases and the increase is not very 

significant. 

• As the adjacent intact ply angle increases, IIG  increases significantly up to  = 45  

and beyond that the increase is not much significant 

• Variation of critical SERR with CNT wt% shows that modification of epoxy by the 

addition of CNTs to it significantly improves the resistance to delamination at the 

interface of broken and intact plies in FRP laminated composites. Therefore, the use 

of CNTs in epoxy is recommended in those cases where the laminate might 

encounter low velocity impact leading to ply break. 

• Increase in CNT wt% added to epoxy leads to increase in resistance to delamination 

at the interface, up to a certain wt% of CNTs only, and adding CNTs to epoxy 

beyond that it leads to reduction in critical SERR. 

• In the present case of carbon/(CNT+epoxy) with ply break, critical SERR was 

observed to increase with the addition of CNT wt% till 1 wt% of CNTs, and adding 

CNTs beyond 1% leads to a reduction in delamination resistance though it is still 

more than that corresponding to neat epoxy (0 wt% of CNT). Therefore, it is 

important to determine the optimum percentage of CNTs to be added to the epoxy to 

achieve the best resistance against delamination. 

• Adding only 1 wt% of CNT to epoxy leads to 36% increase in resistance against 

delamination growth at the interface in case of broken ply. 

• The resin rich layer between the plies plays an important role in resistance to 

delamination growth at the interface. Thicker is the resin rich layer more is the 

resistance to delamination growth. 

• The fiber orientation of adjacent intact ply plays an important role in interfacial 

delamination growth. For a 20 / / 0
s

   carbon/(CNT+epoxy) laminate, 

delamination resistance increases as the fiber orientation angle increases from 0
to 

90

   and is maximum for a ply orientation of 60 = . 

• As expected, critical strain energy release rate is independent of ply break width 

reinforcing it as a property for a specific laminate. 
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CHAPTER 5 

Three phase carbon/(CNT+epoxy) laminates with full width 

ply break 

 

This chapter presents the FE analysis of three phase carbon/(CNT+epoxy) laminate 

having a defect in the form of full width ply break. Different configurations of the laminate 

have been considered to understand the influence of the broken and intact plies. In addition, 

CNT wt% has been considered to understand the influence of the CNT wt% on the 

delamination. 

5.1 Introduction 

Composite laminated structures are often subjected to low velocity impact, which may cause 

fiber/ply breakage in certain plies, which leads to partly through the thickness ply breakage. 

This ply break resembles an internal sub-surface crack (not visible) and as a result, the 

adjacent continuous plies experience stress concentration and a shear stress concentration 

occurs at the interface. The interface in the vicinity of ply break becomes the weakest point in 

the laminate and delamination initiates and propagates at the interface. This induced 

delamination causes degradation of the strength in the laminate, leading to the final fracture. 

Therefore, it is important to understand such delamination initiation and propagation and 

the factors affecting the same. 

5.2 Laminate specimen and FE modeling  

Due to the fact that at the interface of broken and continuous ply the out-of-plane normal 

and shear stresses cause delamination, a full three dimensional (3D) stress analysis needs to 

be carried out to model such delamination.  

A 20 / / 0
s

   three phase carbon/(CNT+epoxy) laminate (as shown in Fig. 5.1) has 

been considered where the central lamina is considered broken and the laminate is subjected 

to axial load. A full 3D finite element analysis has been carried out in ANSYS. A code has 

been developed using ANSYS parametric design language (APDL) for modeling the 

laminate with a ply break, to obtain the displacements, interlaminar stresses, and strain 

energy release rate (SERR) components using virtual crack closure integral (VCCI). 

The laminate has been modeled using eight noded layered solid elements (SOLID 185 in 

ANSYS). As ply breaks, broken ply separates from the adjacent intact ply over a small length 

TH-3312_166103110



74              Chapter 5 

 

near the break. This is included in the present FE model by considering a small delaminated 

zone of length 0.1 mm ahead of the ply break. Additionally, a thin (0.01 mm) resin rich layer 

(CNT+epoxy) is modeled at the interface between the broken ply and the adjacent intact ply 

in the FE model, where delamination actually propagates. To avoid interpenetration of 

delaminated layers in the FE model, the top and bottom nodes in the small delaminated zone 

are connected by two noded contact elements (CONTA 178 in ANSYS). 

 

Figure 5.1: Exploded view of the laminate with a broken central ply 

 

Figure 5.2: Zoomed view of FE mesh near the ply break 

A 3D FE mesh of the laminate zoomed near the ply break is shown in Fig. 5.2. In order 

to capture the high stress gradient and to calculate SERR using VCCI, a highly refined mesh 

is used near the ply break. The nodes at one end of the laminate have all been constrained, 

and uniform axial loading has been applied to the nodes at the other end to simulate axial 

loading. 

In the present work, carbon fiber is considered as the main reinforcement (60% fiber 
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volume fraction) in the laminate, while epoxy mixed with CNTs used as a modified resin for 

binding fibers. To examine how CNTs influence the resistance to delamination at the 

interface of broken and intact plies, different weight percentages of CNTs in the epoxy are 

considered. To further investigate the impact of laminate thickness on the resistance to 

delamination initiation, the number of plies in the laminate is further varied (keeping the 

central ply broken). The properties considered in the present FE analysis are as shown in 

Table 5.1 which have been calculated using Halpin-Tsai and rule of mixtures [73] as 

discussed in section 3.6 of Chapter 3. Halpin-Tsai equations were used to calculate the 

matrix properties corresponding to various CNT weight percentages [153] and using these 

matrix properties and the carbon fiber (T700) properties, the three phase 

carbon/(CNT+epoxy) composite properties were then calculated using the micromechanics 

rule of mixtures.  

Table 5.1: Elastic properties of carbon/(CNT+epoxy) composites [73] 

 
Matrix 

 (CNT+epoxy) 

Composite  

(Carbon fiber (60%) + (CNT+epoxy)) 

CNT 

wt%  

in epoxy 

Tensile 

modulus 

(GPa) 

Poisson’s 

ratio 

  

Shear 

modulus 

(GPa) 

Longitudinal 

tensile 

modulus  

E1 (GPa) 

Transverse 

tensile 

modulus  

E2 (GPa) 

In-plane 

Poisson’s 

ratio 

 ν12 

In-plane 

shear 

modulus          

G12 (GPa) 

0.0%  3.10 0.35 1.15 98.92 7.59 0.284 2.75 

0.25% 3.46 0.35 1.28 124.48 8.46 0.284 3.07 

0.50% 3.83 0.35 1.42 128.94 9.34 0.284 3.39 

1.00% 4.26 0.35 1.58 138.35 10.36 0.284 3.77 

1.50% 4.41 0.35 1.63 142.58 10.72 0.284 3.89 

 

5.3 Results and discussion 

3D FE analyses have been performed for various configurations of the three phase 

carbon/(CNT+epoxy) composite laminate based on the FE model presented in section 5.2. 

The FE model has first been validated and then subsequently used to obtain the stresses and 

SERR for different configurations of the laminates. 

5.3.1 Convergence and validation 

In order to validate the computation of SERR components using VCCI in the present FE 

analysis, a double cantilever beam (DCB) specimen (shown in Fig. 5.3) made of 

unidirectional orthotropic carbon/epoxy composite (E1 = 135 GPa, E2 = 10 GPa, G12 = 5 GPa 

and ν12 = 0.3) has been considered. The dimensions (refer to Fig. 5.3) of the DCB specimen 

are 150 mm length (along x), 25 mm width (B, along z), 3 mm thickness (2h, along y) and 30 

mm crack length (a). A 3D FE analysis is performed by applying a uniformly distributed load 

TH-3312_166103110



76              Chapter 5 

 

on the beam and mode I SERR (GI) calculated from the present FEA is compared with the 

theoretical solution [154] given by  

     
2 2

2 3

1

12
I

P a
G

B h E
=            (5.1) 

Table 5.2 shows the convergence of the solution with successive mesh refinement and it 

agrees well with the analytical solution [154].  

 

Figure 5.3: FE model of DCB orthotropic specimen for evaluating IG  

Table 5.2: Convergence and validation of FE model 

  IG  (N/mm) 

Number of elements 
Present FE 

solution 

Reference analytical 

solution [154] 

1800 0.029 

0.024 

7200 0.028 

12600 0.027 

18000 0.026 

25200 0.024 

36000 0.024 

5.3.2 Stress distribution  

At the interface in the vicinity of the ply break, both in-plane as well as out-of-plane stresses 

are observed to have been induced showing that a complete 3D stress state exists there. Using 

the interlaminar stresses and displacements from the FEA, SERR components have been 

computed using VCCI as discussed in section 3.3.1 of Chapter 3. 

In order to capture the interlaminar stresses accurately a highly refined mesh near the ply 

break has been used. Figure 5.4 shows the convergence of interlaminar shear stress with 

successive mesh refinement and as listed in Table 5.3, there has not been any change in the 

magnitude of the maximum interlaminar stresses beyond 5,21,640 elements. Based on the 
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convergence study, the laminate is modeled by 5,21,640 solid 185 elements and the top and 

bottom delaminated surfaces are connected by 396 CONTA 178 elements. 

Table 5.3: Convergence of FE Mesh 

 

 

 

 

 

Figure 5.4: FE mesh convergence of a carbon/epoxy composite 

5.3.2.1  Axial stress along the length of the plies 

The axial stress in the broken and intact plies of the 
20 / / 0

s
   carbon/(CNT+epoxy) 

laminate, which corresponds to a 0.25% (weight) CNT and 0 = , is shown in Fig. 5.5. 

Only one-half of the laminate's length is shown due to the symmetry of the stress distribution. 

Additionally, the axial stress distribution is only plotted near the ply break to clearly show 

the nature of redistribution and the stress concentration in the adjacent plies because the 

stress is only redistributed over a small area near the ply break and away from the break the 

stress reaches the nominal stress. It could be observed from Fig. 5.5 that broken ply 

experiences zero stress at the break and does not participate in load bearing. As a result, the 

intact plies experience stress concentration factor (SCF) which is highest for the adjacent ply 

(SCF=1.4). This shows how the failure of the adjacent intact ply might result in further 

overloading and failure of other plies. Additionally, it was observed that the broken ply might 

engage in load carrying at a distance of just 5 mm from the break, at which point the stress 

reaches the nominal stress. This is due to the ability of the matrix to transfer load between 

plies. 

Mesh number Number of elements xz (MPa) 

1 151200 46.6 

2 283500 39.8 

3 378000 39.7 

4 521640 38.1 

5 567000 38.1 
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Figure 5.5: Axial stress variation along the length of the broken and intact plies 

5.3.2.2 Interlaminar stresses along the interface 

  

(a) (b) 

 

(c) 

Figure 5.6: Variation of interlaminar stresses (a) z  (b) xz (c) 
yz along the interface of broken and 

intact plies 
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Figures 5.6(a), 5.6(b), and 5.6(c) show the variation of the interlaminar normal stress, z  

(opening mode), the interlaminar shear stress, xz  (shearing mode), and the interlaminar 

shear stress, 
yz  (tearing mode) along the interface of the broken and intact plies for various 

laminate thicknesses (corresponding
9

0   , 13
0   17

0    and 
21

0   ), where in each case the 

central ply is considered to be broken. It is evident that there is a sharp increase in 

magnitudes near the ply break in each case of interlaminar stresses ( z  , xz  and
yz ) at the 

interface, and away from the break, these stresses become zero. However, it is clear that the 

magnitude of xz  is far greater than that of z and
yz . The presence of interlaminar stresses 

still suggests that there is a possibility of delamination at the interface. However, for the axial 

loading of the laminate under consideration, only shearing mode dominates, and the other 

two modes are insignificant. Additionally, it is observed that as the laminate thickness (t) 

increases, the magnitude of the interlaminar stresses decreases, indicating that thicker 

laminate, lesser is the chances of delamination at the interface of broken and intact plies. 

5.3.3 Strain energy release rate ahead of ply break 

Considering the delamination front at the interface of the broken and intact plies as the crack 

front, strain energy release rate components ( , ,I II IIIG G G ) at the delamination front have 

been calculated using VCCI (as discussed in section 3.3.1 of Chapter 3) for laminates with 

different weight percentages of CNTs in epoxy.  

5.3.3.1 Effect of CNT percentage on SERR components 

The variation of IG , IIG and IIIG  with increasing CNT wt% and for different laminate 

thickness are shown in Fig. 5.7(a), 5.7(b) and 5.7(c) respectively. In the present case, it could 

be seen that, the SERR component in the shear mode ( IIG ) is significantly higher than those 

in the opening mode ( IG ) and tearing mode ( IIIG ), which further strengthen that, for an 

axial loading of a laminate with a broken ply, the shearing mode alone dominates 

delamination at the interface of broken and intact plies. As the laminate thickness increases, 

the chances of delamination decrease as the SERR components decrease, which is consistent 

with variation of interlaminar stresses with thickness. 

Most importantly, Fig. 5.7(b) shows that once CNTs are added to the epoxy, there is a 

substantial reduction in IIG . In fact, in the present case, adding merely 0.25% (weight) CNTs 

to the epoxy causes a 25% reduction in IIG value compared to that of pure resin. With 

TH-3312_166103110



80              Chapter 5 

 

further addition of CNTs, IIG decreases further though after 0.5% (weight) the reduction is 

not significant. This indicates that the addition of CNTs to epoxy reduces the chances of 

delamination at the interface of the broken and intact plies. However, the critical SERR 

value determines whether delamination will continue to grow or not and hence it is 

important to calculate cG  for the same configuration of carbon/(CNT+epoxy) laminate. 

  

(a) (b) 

 

(c) 

Figure 5.7: Variation of (a) IG  (b) IIG  (c) IIIG with CNT wt% 

5.3.3.2 Effect of resin layer thickness on SERR 

To understand the influence of resin layer thickness only the influence on IIG has been 

shown as the other two components are insignificant. Different resin layer thicknesses ( rt = 

0.005 mm, 0.01 mm, and 0.015 mm) have been considered along with different wt% of 

CNTs to understand how the resin layer thickness actually influences the delamination at the 

interface of the broken and intact plies in a three phase carbon/(CNT+epoxy) composites. 

TH-3312_166103110



Three phase carbon/(CNT+epoxy) laminates with full width ply break                                                  81 

Figure 5.8(a) shows the variation of IIG with increasing resin thickness for all the wt% of 

CNTs considered. It has been observed that in all the cases, as the resin layer thickness 

increases, IIG  increases but the increase is not significant. However, for all resin layer 

thicknesses, IIG decreases with the increase in CNT wt% indicating that the chances of 

delamination decreases at the interface.  

5.3.3.3 Effect of adjacent intact ply orientation on SERR 

In order to understand the effect of fiber orientation of neighboring intact ply on mode II 

SERR, IIG has been calculated for different fiber angles ( 0 ,30 ,45 ,60    = and 90
) 

corresponding to the different wt% of CNTs with a resin layer thickness rt = 0.01 mm. Figure 

5.8(b) shows the variation of IIG with increasing fiber angle for different wt% of CNTs. It 

could be seen that as the fiber angle increases, IIG  increases significantly up to 45 = and 

beyond that the increase is not that much significant. However, for all fiber angles, IIG

decreases with the increase in CNT wt% indicating that the chances of delamination 

decreases at the interface.  

 

  

(a) (b) 

Figure 5.8: Variation of IIG (a) with resin layer thickness (b) with intact ply orientation 

5.3.4 Critical strain energy release rate ( cG ) 

Critical strain energy release rate ( cG ) value determines whether delamination will continue 

to grow or not and hence it is important to calculate cG  for all of these laminate 

configurations using the quadratic stress criteria and VCCI, as discussed in section 3.3.3 of 

Chapter 3. 
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5.3.4.1 Effect of CNT wt% on cG  

Figure 5.9 shows the variation of critical SERR ( cG ) with CNT wt% in the epoxy in the 

three phase carbon/(CNT+epoxy) composite laminate. It could be observed that as the CNT 

wt% increases, there is a significant increase in cG and the value reaches to its maximum 

corresponding to 1%, which is 31% higher than that corresponding to of neat resin (0% 

CNT). Table 5.4 shows the percentage increase cG with the addition of CNTs in the epoxy. 

However, with further increase in CNT wt% beyond 1%, cG decreases again even though it 

is more than that of the neat resin. Since cG  in the present case is a measure of resistance of 

the laminate to delamination at the interface, results from the present study clearly show that 

adding the CNTs to the epoxy increases the resistance to delamination at the interface of 

broken and intact plies. However, there is an optimum weight percentage of CNTs to be 

added to the epoxy in order to obtain the maximum resistance, which is 1% in the present 

case, but may vary depending on the type of laminates. 

 

 

Figure 5.9: Variation of cG with CNT wt%  

 

Table 5.4: Percentage increase in cG with CNT wt% 

 

 

 

 

S. No % (weight) CNT % increase in cG  

1 0  -- 

2 0.25 12% 

3 0.5 20% 

4 1 31% 

5 1.5 25% 
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5.3.4.2 Effect of laminate thickness on cG  

Figure 5.10 shows the variation of cG with thickness of the laminate for different weight 

percentages of CNTs in the epoxy. It could be seen that as the thickness of the laminate 

increases, cG remains constant in all the cases for a given configuration of the laminate 

which further shows that cG  for a specific laminate configuration is a property of the 

laminate. 

 

Figure 5.10: Variation of cG with laminate thickness 

5.3.4.3 Effect of resin layer thickness on cG  

Figure 5.11(a) shows the variation of cG with increasing resin layer thickness for different 

CNT wt% in the epoxy. It could be seen that in all cases, when the thickness of the resin 

layer is increased from 0.005 mm to 0.015 mm, cG  increased by 43%, indicating that the 

thicker the resin, the greater the resistance to delamination at the interface of the broken and 

neighbouring intact ply in a carbon/(CNT+epoxy) composite with central ply broken 

through the width. 

5.3.4.4 Effect of adjacent intact ply orientation on cG  

Figure 5.11(b) shows the effect of fiber orientation of adjacent lamina on cG of the laminate 

for different wt% of CNTs in epoxy. It could be clearly seen that in all cases, as the fiber 

orientation changed from 0
to 90

, critical strain energy release rate increases till 60
, and 

beyond that it almost remains same or insignificant change in cG . Similar results were also 

observed for the part through the thickness ply break also. 
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(a) (b) 

Figure 5.11: Variation of cG (a) with resin layer thickness (b) with intact ply orientation  

 

5.4 Summary 

In the present chapter, it has been investigated how CNTs influenced the resistance to 

delamination at the interface of broken and intact plies in a three phase 

carbon/(CNT+epoxy) laminated composites where one of the plies has been considered 

broken through the width. A three dimensional finite element analysis has been performed in 

order to compute the interlaminar stresses and subsequently, SERR to assess the propensity 

of the delamination at the interface. In order to understand the influence of CNTs on 

resistance to interfacial delamination, critical strain energy release rate has also been 

evaluated for different wt% of CNTs in the epoxy. Some of the important observations from 

the present study are as follows. 

• Due to ply break, at the interface of the broken and intact plies, both in-plane and 

out-of-plane stresses are induced. Over a small length, in the vicinity of the ply break, 

the stresses are redistributed leading to a stress concentration, and reach the nominal 

value away from the break. 

• In the case of axial loading, for a 0.25wt% CNT, the intact plies experience stress 

concentration factor (SCF) which is highest for the adjacent ply (SCF=1.4). This 

indicates that breaking of one ply results to the overloading of the adjacent intact 

plies leading to the successive failure of the other plies and hence the laminate. 

• Though all the three out-of-plane interlaminar stresses are present in the vicinity of 

the ply break at the interface between the broken and intact plies, under axial loading 

of the laminate, xz  is much higher compared to z  and 
yz , showing that the 

shearing mode is the dominant mode. 
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• The shear mode SERR ( IIG ) is significantly higher than the opening mode SERR       

( IG ) and tearing mode SERR ( IIIG ), which further strengthens that, for an axial 

loading of a laminate with a broken ply, the shearing mode alone dominates 

delamination at the interface of broken and intact plies. 

• As the laminate thickness increases, SERR components decreases showing that the 

chances of delamination decreases, which is consistent with the way interlaminar 

stresses vary with thickness. 

• Addition of CNTs with epoxy leads to a significant reduction in magnitudes of 

SERR, indicating that the chances of delamination at the interface are reduced 

significantly. In the present case, adding only 0.25% (weight) of CNTs to the epoxy 

leads to a 25% reduction in mode II SERR ( IIG ). 

• The addition of CNTs to epoxy improves the critical SERR ( cG ), a property of a 

laminate that measures the resistance to delamination. In the present case, cG

increases by 31% when 1% (weight) CNTs is added to epoxy of the three phase 

carbon/(CNT+epoxy) laminate in comparison with carbon/epoxy laminate (with 

neat epoxy). 

• Although addition of CNTs with epoxy increases delamination resistance, but 

beyond a certain limit, further addition of CNTs with epoxy leads to reduction in cG . 

In the present case of three phase carbon/(CNT+epoxy) composites, it is 1% 

however, it may change based on the materials used for reinforcement and matrix. 

• As the thickness of the laminate increases, cG remains constant for all the cases of 

given laminate configurations.  

• The resin rich layer at the interface has a significant influence in resisting 

delamination initiation and growth at the interface. The resistance to delamination 

initiation and growth increase with the increase in thickness of the resin rich layer. 

• Critical SERR depends upon the fiber orientation of intact ply adjacent to broken 

plies. In the present case of three phase carbon/(CNT+epoxy) composites, critical 

SERR is observed to increase as the fiber orientation angle increases from 0 90 − , 

reaches maximum at 60
 and thereafter almost remains constant. 
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CHAPTER 6 

Three phase carbon/(CNT+epoxy) laminates with an 

embedded elliptical delamination 

 

This chapter presents the FEA of a three phase carbon/(CNT+epoxy) laminate having an 

elliptical embedded delamination at the interface (caused due to low velocity impact) to 

study the behavior under post impact axial or transverse load. In addition to investigating the 

important factors affecting growth of such delamination, more importantly it also presents 

the influence of CNTs on the resistance to delamination from such internal flaws. 

6.1 Introduction 

FRP laminates develop elliptical embedded delaminations at the interface when experiencing 

low velocity impact. Such delaminations are small in size, more importantly are sub-surface 

in nature and many a time go unnoticed. However, in post impact loading these grow 

leading to sudden failure. It is therefore important to study the behavior of a three 

carbon/(CNT+epoxy) laminate having an embedded delamination, various factors affecting 

the delamination growth and to understand how adding CNTs to epoxy might lead to 

improving the resistance to growth of such delaminations at the interface thus preventing 

catastrophic failure of such laminates.   

6.2 Problem statement 

A square laminate made of carbon/(CNT+epoxy) with stacking sequence [0 / / 90]s is 

considered. An elliptical delamination is considered at the [0 / ]+  interface. The laminate is 

considered subjected to loading and the influence of adding CNTs to the epoxy in improving 

the resistance to further growth of such delamination is studied. Figure 6.1 shows the 

exploded view of the laminate where the delamination is shown in the thin resin layer 

between the[0 / ]+  lamina.  

6.3 Geometry of the specimen and material properties 

As shown in Fig. 6.1, a three phase carbon/(CNT+epoxy) laminated composite specimen 

having embedded elliptical delamination is considered. It is reported [157] that under low 

velocity impact delamination occurs at the interface and is generally elliptical. Therefore, in 
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this case, a square [0 / / 90]s laminate is considered and [0 / ]+  the interface has been 

modeled by a thin resin rich layer containing an elliptical delamination as shown in Fig. 6.1. 

The laminated specimen is of 100 mm length (L), 100 mm wide (W) and the ply thickness is 

0.127 mm. The embedded elliptical delamination has a major axis (a), and a minor axis (b), 

and the aspect ratio of delamination is e = a/b. 

 

 

Figure 6.1: Exploded view of the laminate with an embedded elliptical delamination 

The laminate is considered to be made of carbon/(CNT+epoxy) laminate with a 60% 

fiber volume fraction and carries an axial tension. Mechanical properties of the matrix 

(CNT+epoxy) and carbon/(CNT+epoxy) composite for different wt% (0, 0.25, 0.5, 1, and 

1.5) of CNTs are calculated using Halpin-Tsai equations and rule of mixtures as described in 

section 3.6 of Chapter 3 are presented in Table 6.1.  

Table 6.1: Carbon/(CNT+epoxy) composites properties 

 
Matrix 

 (CNT+epoxy) 

Composite  

(Carbon fiber (60%) + (CNT+epoxy)) 

CNT 

wt%  

in epoxy 

Tensile 

modulus 

(GPa) 

Poisson’s 

ratio 

  

Shear 

modulus 

(GPa) 

Longitudinal 

tensile 

modulus  

E1 (GPa) 

Transverse 

tensile 

modulus  

E2 (GPa) 

In-plane 

Poisson’s 

ratio 

 ν12 

In-plane 

shear 

modulus          

G12 (GPa) 

0.0%  3.10 0.35 1.15 139.24 7.59 0.284 2.75 

0.25% 3.31 0.35 1.23 139.33 8.11 0.284 2.93 

0.50% 3.53 0.35 1.31 139.41 8.62 0.284 3.11 

1.00% 3.95 0.35 1.46 139.58 9.63 0.284 3.46 

1.50% 4.38 0.35 1.62 139.75 10.65 0.284 3.81 
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6.4 Results and discussions for axial loading of the laminate 

The laminate with an embedded elliptical delamination has been modeled using SOLID 185 

and CONTA 178 elements in ANSYS by developing an APDL code. Interlaminar stresses 

have been evaluated at the interface and components of SERR are calculated using VCCI. 

Since near the vicinity of the embedded delamination, a stiff stress gradient exists, therefore a 

very fine mesh is used there. Thus the FE mesh convergence study has been done and the 

computed SERR using VCCI has been validated before using the FE APDL program.  

6.4.1 FEA of the laminate with an embedded delamination 

In the present FEA, the laminate specimen has been modeled as layers viz. the top and 

bottom sub-laminates as two layers and a thin resin rich layer (thickness = 0.1 times the ply 

thickness) representing the interface. SOLID 185 elements in ANSYS (three dimensional, 

eight noded, layered) are used in discretizing the laminate having an embedded delamination 

at the interface, and layer wise orthotropic properties have been input.  It is reported [158] 

that the FEA solutions might lead to inaccurate results due to delaminated layers 

interpenetrating each other and hence in the present FEA, the top and bottom nodes of the 

delaminated region are connected through a bi-linear contact element (CONTA 178) in 

ANSYS ensuring no interpenetration of delaminated layers. The resin rich interface has been 

modeled by providing the isotropic properties of resin (CNT+epoxy) as input and the 

elliptical delamination has been modeled by deleting elements from the resin layer. 

Table 6.2: FE mesh convergence of interlaminar shear stress 

 

 

 

 

 

Figures 6.2(a) and 6.2(b) show the full 3D FE mesh of a square laminate and zoomed 

view of mesh near embedded elliptical delamination respectively. In order to capture the stiff 

stress gradient at the delamination front, highly refined mesh near the delamination front has 

been used. The convergence of interlaminar shear stress with progressive mesh refinement is 

shown in Table 6.2. In the present case, the mesh convergence has been attained with a mesh 

size of 37632 elements near the delamination front as shown in Fig. 6.3. Uniform axial 

loading is simulated by fixing laminate’s one edge and by subjecting the opposite edge to 

Mesh number Number of elements zn (MPa) 

1 10752 20.3 

2 16128 21.9 

3 21504 22.8 

4 26880 23.3 

5 32256 23.9 

6 37632 23.8 

7 43008 23.8 
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axial displacement ( 0.005 = ). Different values of the aspect ratio of the embedded elliptical 

delamination have been considered to understand the effect of the delamination shape. 

 

(a) 

 

(b) 

Figure 6.2: (a) 3D FE mesh of square laminate and (b) zoomed mesh near delamination 

 

Figure 6.3: Convergence of FE mesh for carbon/epoxy composite (e = 1, 0 = ) 
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6.4.2 Validation 

 

Figure 6.4: GII around a circular delamination front 

In order to validate the computed SERR using the present FE analysis and VCCI, a 

3[(0 / 45 / 45) ]s+ −  square laminate with side 50 mm, and a centrally located through hole of 

5 mm in diameter, and a circular delamination of 20 mm in diameter is considered. The 

properties of the composite are [159] as E1 = 134 GPa, E2 = E3 = 10.2 GPa, G12 = G13 = 5.5 

GPa, G23 = 3.4 GPa, 12 = 13 = 0.23 and 23 = 0.49. A 3D FE analysis is carried out by 

applying a compression load of 30 kN on the laminate and mode II SERR (GII) computed 

using the VCCI is compared with [159] as shown in Fig. 6.4 and a similar qualitative trend 

in variation of GII with 𝜙 could be seen excepting at a few points where the present FE 

estimates higher values of GII. 

6.4.3 Stress distribution and SERR along the delamination front 

Even though the laminate is loaded axially, due to centrally located embedded delamination 

at the interface, in-plane, as well as out-of-plane stresses are induced along the delamination. 

Using the 3D FEA, considering the delamination front near the elliptical delamination as the 

crack front, the interlaminar stresses at the interface are computed using Eq. 3.18 as 

discussed in section 3.2.1 of Chapter 3, using the displacements of the top and bottom nodes 

behind the delamination, SERR components have been computed following VCCI as 

discussed in section 3.3.2 of Chapter 3. 

6.4.3.1 Influence of delamination shape 

In order to understand how the delamination shape at the interface influences the 

interlaminar stresses and the SERR, the delamination shape (e = a/b) is varied from to 1 to 

2.5 and interlaminar stresses and SERR are computed. 
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(a) (b) 

 

(c) 

Figure 6.5: Variation of (a) z , (b) zn  and (c) zt  along delamination front  

Figures 6.5(a), 6.5(b), and 6.5(c) show the variation of  z  , zn  and zt  respectively 

along the delamination front (represented by angle measured from to X-axis as in Fig. 6.2) 

for a [0 / / 90]s  carbon/(CNT+epoxy) laminate having an embedded delamination with 

an adjacent ply orientation of 0 = . All these stresses are average stresses measured over a 

very small distance in front of the delamination front as in Eq. 3.18 discussed in section 3.2.1 

of Chapter 3. Due to the symmetry, stress variation along half of the total delamination front 

( 0 180− ) has been shown. Existence of all the three out-of-plane components of the 

interlaminar stresses at the delamination front clearly shows a 3D state of stress at the 

delamination front. Thus it could be inferred that the delamination at the interface will be 

mixed mode even though the applied load is purely axial. In addition, it could also be noted 

that the magnitudes of these interlaminar stresses vary along the delamination front 
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differently showing that even the relative magnitudes of those stresses are also different at 

different location along the delamination front. 

It could be seen that with the increase in aspect ratio e, interlaminar stresses z and zt  

increase, and zn  decreases, for a laminate subjected to same axial loading. However, both 

z and zn  are maximum at 180 = and 0 =  respectively but zt is maximum at  

30 = showing that not only the delamination growth is mixed mode, but also the location 

of delamination growth along the elliptical front is decided by the relative values of the out-

of-plane stresses. Even though these results corresponding to interface between 0  and   

where 0 = , the same trend has been observed for other values of   as well. Though these 

results correspond to the neat resin, the same trend has been observed even for different wt% 

of CNTs mixed with epoxy. 

  

(a) (b) 

 

(c) 

Figure 6.6: Variation of (a) IG ,  (b) IIG and (c) IIIG   along delamination front  

In order to understand the propensity of delamination growth at the interface, the SERR 
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components are calculated at the delamination front using VCCI and are plotted around the 

elliptical delamination front (angular location with reference to X-axis with reference to Fig. 

6.2). Figures 6.6(a), 6.6(b) and 6.6(c) show the variation of IG , IIG and IIIG respectively 

around the elliptical delamination front for different aspect ratio. In the present case, as the 

aspect ratio of delamination increases, magnitude of IG , IIG and IIIG increases. It could be 

observed that in accordance with the variation of interlaminar stresses, the components of 

SERR also vary following a similar trend around the delamination front. Similar to the stress 

variation, the maximum magnitude of SERR components also occur at different locations 

showing that it is the combination of IG , IIG and IIIG that will decide whether the 

delamination will further grow or not. However, it could be noted that the magnitude of IG  

is much smaller compared to those of IIG  and IIIG showing that mode II and mode III will 

dominate the delamination growth. It could be seen that not only the delamination growth a 

mixed mode phenomenon, but the mode mix ratio is also different at different locations. It is 

therefore difficult to predict the delamination growth in such a situation. 

Figure 6.7 shows the variation of maximum magnitudes of IIG and IIIG with increasing 

aspect ratio, e (= a/b) for 0 = degrees. In the present case, with the increase in e, there is a 

substantial increase in both maximum mode II SERR ( maxIIG ) and maximum mode III 

SERR ( maxIIIG ) showing that the chances of delamination along the delamination front 

increases with the increase in aspect ratio.  

 

Figure 6.7: Maximum SERR for different aspect ratio of the delamination 
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6.4.3.2 Influence of fiber orientation 

In order to understand how the relative fiber orientation of the adjacent laminae at the 

interface influences the interlaminar stresses and the SERR, the fiber orientation angle ( ) of 

the adjacent lamina is varied from 0 to 90 . Results in the previous section 6.4.3.1 showed 

that SERR is maximum for an aspect ratio of 2.5. Hence, in the present case, interlaminar 

stresses and SERR are computed for e = 2.5. Again, mode I SERR is small compared with 

other two modes, hence IG  and corresponding interlaminar stress z  are neglected in the 

present case. 

Figures 6.8(a) and 6.8(b) depict the variation of zn  and zt  respectively along the 

delamination front for a [0 / / 90]s  three phase carbon/(CNT+epoxy) laminate having an 

embedded delamination. In all the cases, it could be observed that the magnitude of 

interlaminar stresses is minimum for 0 =  and it increases with increase in  . However, 

zn is  maximum at 0 =  and 180 = but zt  is maximum corresponding to 45 = and 

135 = showing that not only the delamination growth is mixed mode, but also the 

location of delamination growth along the elliptical front is decided by the relative values of 

the out-of-plane stresses. Though these results correspond to the neat resin, the same trend 

has been observed even for different wt% of CNTs mixed with epoxy. 

  

(a) (b) 

Figure 6.8: Variation of (a) zn  and (b) zt  along delamination front  

Figures 6.9(a) and 6.9(b) show the variation of IIG and IIIG respectively around the 

elliptical delamination front for different fiber orientation. It could be seen that IIG is always 
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maximum at  = 0  but the maximum value of IIG changes with fiber orientation. On the 

other hand, the magnitude as well as the location of maximum IIIG also changes with the 

fiber orientation.  

  

(a) (b) 

Figure 6.9: Variation of (a) IIG and (b) IIIG  along delamination front  

Figure 6.10 show the variation of maxIIG and maxIIIG  with the fiber orientation angle,  . 

It has been observed that there is a significant increase in maxIIG is maximum for 30 =  and 

maxIIIG  is maximum for 90 = . The reason for maxIIG to be maximum for 30 = is because 

the property mismatch causing zn  is maximum corresponding to 0 / 30 
interface. 

Similarly, the reason for maxIIIG to be maximum for 90 = is because the property mismatch 

causing zt  is maximum corresponding to 0 / 90 
interface. Similar experimental results 

have been observed where SERR increases with the increase in fiber orientation [160]. 

 

Figure 6.10: Maximum SERR for different fiber orientation 

TH-3312_166103110



Three phase carbon/(CNT+epoxy) laminates with an embedded elliptical delamination                         97 

 

6.4.3.3 Influence of CNT wt% 

To understand the effect of CNT wt% on interlaminar stresses and SERR, different CNT 

wt% viz. 0%, 0.25%, 0.5%, 1% and 1.5% are considered. It was observed from section 6.4.3.1 

that SERR is maximum for an aspect ratio of e = 2.5 and also observed from section 6.4.3.2 

that for e = 2.5, maxIIG is maximum for 30 =  and maxIIIG  is maximum for 90 = . Hence, 

in the present case, interlaminar stresses and SERR are computed for the above stated 

combinations.  

Figures 6.11(a), and 6.11(b) show the variation of  zn  and zt  respectively along the 

delamination front for different wt% of CNT in epoxy. It could be observed that though the 

magnitudes of zn  and zt
 
change with CNT wt% but the change is not that significant 

except at some specific locations. It may be noted here that the change in stress magnitude is 

due to the change in property mismatch between the adjacent laminae due to addition of 

CNTs.  

  

(a) (b) 

Figure 6.11: Variation of (a) zn  and (b) zt  along delamination front  

Figures 6.12(a), and 6.12(b) show the variation of IIG  and IIIG respectively along the 

delamination front with increasing CNT weight percentage in a three phase (CNT+epoxy). It 

could be seen that IIG is always maximum at 0 = and IIIG is always maximum at 

135 = . It could be seen that as the wt% of CNTs in the epoxy increases, there is a 

reduction in maximum magnitudes of both IIG and IIIG . This indicates that adding CNTs to 

epoxy reduces the chances of interfacial delamination growth from an existing embedded 

delamination in the post impact loading. 
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(a) (b) 

Figure 6.12: Variation of (a) IIG and (b) IIIG  along delamination front 

  

(a) (b) 

Figure 6.13: Maximum SERR (a) maxIIG , and (b) maxIIIG  variation with CNT wt% 

Figures 6.13(a), and 6.13(b) show the variation of maxIIG and maxIIIG  respectively on the 

delamination front with increasing CNT wt%. Since IIG is maximum for 30 = , therefore 

variation in maxIIG  with CNT wt% is shown only for 30 = . Similarly, the variation of 

maxIIIG  with CNT wt% is shown only for 90 = . In both the cases variation is shown for e = 

2.5. It could be observed that both maxIIG and maxIIIG values show reduction with increasing 

CNT wt% in the epoxy. It has been observed that maxIIG and maxIIIG values are reduced by 

11% and 20% respectively compared to those for to neat resin with the addition of 1.5 wt% 

CNTs in epoxy. This indicates that adding CNTs to epoxy reduces the chances of interfacial 

delamination growing further from an existing embedded delamination. However, the value 
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of critical SERR ( cG ) decides whether delamination will grow further or not, and thus it is 

essential to calculate cG  for the same laminate. 

6.4.4 Critical SERR ( cG ) and influence of CNT wt% 

 

Figure 6.14. Variation of cG  with CNT wt% 

Preceding discussions reveal that the delamination growth is mix mode phenomenon and 

SERR components vary along the delamination front differently. This means that the mode 

mix also varies along the delamination front. Since the critical SERR components are also 

decide by the mode mix ratio, it is difficult to assess critical SERR components for such a 

case. Therefore, as discussed in section 3.3.3 of Chapter 3 total Critical SERR ( cG ) as a 

measure of resistance to delamination growth has been computed using QSC and VCCI. In 

the present case, cG  has been calculated for different CNT wt% in three phase (CNT+epoxy) 

to understand how the addition of CNTs to the epoxy actually enhances the resistance to the 

further growth of embedded delamination. Since the SERR is maximum corresponding to     

e = 2.5 and for 30 = , therefore the variation of cG  with CNT wt% has been computed 

corresponding to e = 2.5 and 30 = , and Fig. 6.14 shows the variation with different CNT 

wt%. It could be seen from Fig. 6.14 that as CNT wt% increases, the magnitude of cG

increases substantially and reaches a maximum at 1 wt%. However, with the further increase 

in CNT beyond 1 wt%, value of cG  decreases though it is still more than that corresponding 

to the case of neat resin. It could be observed that the corresponding to 1 wt% of CNT, 

increase in cG  is 65% more than that corresponding to neat resin. Therefore, it could be 

inferred that addition of CNT to epoxy leads to significant enhancement in the resistance to 
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further growth of delamination in the post impact loading, but there is a limit to CNT wt% to 

which this enhancement is maximum which is 1% in the present case. 

6.5 Results and discussions for transverse loading of the laminate 

The same [0 / / 90]s  carbon/(CNT+epoxy) laminate with an embedded elliptical 

delamination is considered subjected to transverse load at the centre with all the four edges 

fixed. The material properties are considered from Table 6.1 for the present FE analysis. 

6.5.1 FEA of the laminate with embedded delamination 

 

 

(a) 

 

(b) 

Figure 6.15: (a) 3D FE mesh of square laminate and (b) zoomed mesh near delamination 
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FE modeling of the laminate with embedded delamination is same as for the case of axial 

loading. Figures 6.15(a) and 6.15(b) show the full 3D FE mesh of a square laminate and 

zoomed view of mesh near embedded elliptical delamination respectively. In order to capture 

the stiff stress gradient at the delamination front, highly refined mesh near the delamination 

front has been used. The convergence of interlaminar shear stress with progressive mesh 

refinement is shown in Table 6.3. In the present case, the mesh convergence has been 

attained with a mesh size of 32256 elements near the delamination front as shown in Fig. 

6.16. A transverse loading is simulated by fixing all the edges of the laminate and subjected 

to a transverse loading of 500N at the center. Different values of the aspect ratio of the 

embedded elliptical delamination have been considered to understand the effect of the 

delamination shape. 

 

Figure 6.16: Convergence of FE mesh for carbon/epoxy composite ( 1e = , 0 = ) 

Table 6.3: FE mesh convergence of interlaminar shear stress 

 

 

 

6.5.2 Stress distribution and SERR along the delamination front 

Using the 3D FEA, considering the delamination front near the elliptical delamination as the 

crack, the interlaminar stresses at the interface are computed using Eq. 3.18 as discussed in 

section 3.2.1 of Chapter 3 and using the displacements of the top and bottom nodes behind 

Mesh number Number of elements zn (MPa) 

1 10752 55.2 

2 16128 54.8 

3 21504 54.6 

4 26880 54.5 

5 32256 54.4 

6 37632 54.4 
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the delamination, SERR components have been computed using VCCI as discussed in 

section 3.3.2 of Chapter 3. 

6.5.2.1 Influence of delamination shape 

In order to understand how the delamination shape at the interface influences the 

interlaminar stresses and the SERR, the delamination shape (e = a/b) is varied from to 1 to 

2.5 and interlaminar stresses and SERR are computed. 

 

  

(a) (b) 

 

(c) 

Figure 6.17: Variation of (a) z , (b) zn  and (c) zt  along delamination front  

Figures 6.17(a), 6.17(b), and 6.17(c) show the variation of  z  , zn  and zt  respectively 

along the delamination front (represented by angle measured from to X-axis) for a 

[0 / / 90]s  carbon/(CNT+epoxy) laminate having an embedded delamination with an 

adjacent ply orientation of 0 = . All these stresses are average stresses measured over a 

very small distance in front of the delamination front as in Eq. 3.18. Due to the symmetry, 
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stress variation along half of the total delamination front (0 180 )−  has been shown. The 

presence of all three out-of-plane components of interlaminar stresses at the delamination 

front clearly shows a three dimensional (3D) stress state at that location. As a result, it can be 

inferred that the delamination occurring at the interface will be a mixed mode phenomenon.  

It could be seen that with the increase in aspect ratio e, interlaminar stresses z and zt  

increase, and zn  decrease, for a laminate subjected to same transverse loading. However, 

both z  and zn  are maximum at 0 = but zt is maximum at 30 = showing that not 

only the delamination growth is mixed mode, but also the location of delamination growth 

along the elliptical front is decided by the relative values of the out-of-plane stresses. Even 

though these results corresponding to interface between 0  and   where 0 = , the same 

trend has been observed for other values of   as well. Though these results correspond to the 

neat resin, the same trend has been observed even for different wt% of CNTs mixed with 

epoxy. It may be noted that z being negative actually does not contribute to the 

delamination growth and therefore only zn  and zt are responsible for delamination growth 

under transverse loading. 

In order to understand the propensity of delamination growth at the interface the SERR 

components are calculated at the delamination front using VCCI and are plotted around the 

elliptical delamination front (angular location with reference to X-axis as shown in Fig. 

6.15). Figures 6.18(a), 6.18(b) and 6.18(c) show the variation of IG , IIG  and IIIG  

respectively around the elliptical delamination front for different aspect ratio. In the present 

case, as the aspect ratio of delamination increases, magnitude of IG , IIG and IIIG increases. 

It could be observed that in accordance with the variation of interlaminar stresses, the 

components of SERR also vary following a similar trend around the delamination front. 

Similar to the stress variation, the maximum magnitude of SERR components also occur at 

different locations showing that it is the combination of IG , IIG  and IIIG that will decide 

where the delamination will further grow or not. However, it could be noted that the 

magnitude of IG  is negative in accordance with the compressive nature of the interlaminar 

normal stress z . Thus IG does not contribute to the delamination growth and showing that 

mode II and mode III will dominate the delamination growth. 
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(a) (b) 

 

(c) 

Figure 6.18: Variation of (a) IG ,  (b) IIG and (c) IIIG  along delamination front  

 

Figure 6.19: Maximum SERR for different aspect ratio of the delamination  
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Figure 6.19 shows the variation of maximum magnitudes of  IIG and IIIG with increasing 

aspect ratio, e (= a/b) for 0 = degrees. In the present case, with the increase in e, there is a 

substantial increase in both maximum mode II SERR ( maxIIG ) and maximum mode III 

SERR ( maxIIIG ) showing that the chances of delamination along the delamination front 

increases with the increase in aspect ratio.  

6.5.2.2 Influence of fiber orientation 

In order to understand how the relative fiber orientation of the adjacent laminae at the 

interface influences the interlaminar stresses and the SERR, the fiber orientation angle ( ) of 

the adjacent lamina is varied from 0 to 90 . From the previous section 6.5.2.1, it has been 

observed that SERR is maximum for an aspect ratio of 2.5. Hence, in the present case, 

interlaminar stresses and SERR are computed for e = 2.5. Similarly, mode I SERR is small 

compared with other two modes, hence IG  and corresponding interlaminar stress z  are 

neglected in the present case. 

  

(a) (b) 

Figure 6.20: Variation of (a) zn  and (b) zt  along delamination front  

Figures 6.20(a) and 6.20(b) depict the variation of zn  and zt  respectively along the 

delamination front for a [0 / / 90]s  carbon/(CNT+epoxy) laminate having an embedded 

delamination. In all the cases, it could be observed that the magnitude of interlaminar 

stresses is minimum for 0 =  and it increases with increase in  . However, both zn is  

maximum at 0 =  and 180 = but zt  is maximum corresponding to 45 = and 

135 = showing that not only the delamination growth is mixed mode, but also the 
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location of delamination growth along the elliptical front is decided by the relative values of 

the out-of-plane stresses. Though these results correspond to the neat resin, the same trend 

has been observed even for different wt% of CNTs mixed with epoxy. 

Figures 6.21(a) and 6.21(b) show the variation of IIG  and IIIG  respectively around the 

elliptical delamination front for different fiber orientations. It could be seen that IIG is always 

maximum at 0 = but the maximum value of IIG changes with fiber orientation. On the 

other hand, the magnitude as well as the location of maximum IIIG also changes with the 

fiber orientation. 

  

(a) (b) 

Figure 6.21: Variation of (a) IIG and (b) IIIG along delamination front  

 

Figure 6.22: Maximum SERR for different fiber orientation  

Figure 6.22 show the variation of maxIIG and maxIIIG  with the fiber orientation angle,  . 

It has been observed that there is a significant decrease in maxIIG  and increase in maxIIIG with 
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increase in fiber orientation. It has also been observed that maxIIG and maxIIIG are maximum 

for 0
and 90

. However, in all the cases, the magnitude of maxIIG is significantly higher 

compared to that of  maxIIIG . Similar experimental results have been observed where SERR 

increases with the increase in fiber orientation angle [160]. 

6.5.2.3 Influence of CNT wt%  

To understand the effect of CNT wt% on interlaminar stresses and SERR, different CNT 

wt% viz. 0%, 0.25%, 0.5%, 1% and 1.5% are considered. It was observed from previous 

sections 6.5.2.1 and 6.5.2.2 that mode II SERR is maximum for e = 2.5 and 0 = , similarly 

mode III SERR is maximum for e = 2.5 and 90 = . Hence, in the present case, 

interlaminar stresses and SERR are computed for both the combinations.  

  

(a) (b) 

Figure 6.23: Variation of (a) zn  and (b) zt  along delamination front  

Figures 6.23(a), and 6.23(b) show the variation of  zn  and zt  respectively along the 

delamination front for different wt% of CNT in epoxy. It could be observed that though the 

magnitudes of zn  and zt
 
change with CNT wt% but the change is not that significant 

except at some specific locations. It may be noted here that the change in stress magnitude is 

due to the change in property mismatch between the adjacent laminae due to addition of 

CNTs. 

Figures 6.24(a), and 6.24(b) show the variation of IIG  and IIIG  respectively along the 

delamination front with increasing CNT weight percentage in (CNT+epoxy). It could be 

seen that IIG is always maximum at  = 0 and IIIG is always maximum at 135 = . It 

could be seen that as the wt% of CNTs in the epoxy increases, there is a significant reduction 
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in both IIG and IIIG . This indicates that adding CNTs to epoxy reduces the chances of 

interfacial delamination growth from an existing embedded delamination caused by low 

velocity impact in the post impact loading. 

  

(a) (b) 

Figure 6.24: Variation of (a) IIG and (b) IIIG along delamination front  

 

 

(a) 

 

(b) 

Figure 6.25: Maximum SERR (a) maxIIG , and (b) maxIIIG  variation with CNT wt%  

Figures 6.25(a), and 6.25(b) show the variation of maxIIG and maxIIIG  respectively on the 

delamination front with increasing CNT wt% for e = 2.5.  Since IIG is maximum for 0 = , 

therefore variation in maxIIG with CNT wt% is shown only for 0 = . Similarly, the variation 

of maxIIIG with CNT wt% is shown only for 90 = . It could be observed that maxIIG and 

maxIIIG values are significantly reduced with increasing wt% of CNTs.  It has been observed 

that both maxIIG and maxIIIG values are reduced by 25% and 21% respectively compared to 

those for neat resin with the addition of 1.5 wt% CNTs in epoxy. The growth of 
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delamination in a laminate largely depends on the critical SERR ( cG ). Determining the 

critical SERR value is crucial because it determines whether the delamination will continue 

to grow or not. Therefore, it is essential to calculate cG  specifically for the same laminate. 

6.5.3 Critical SERR ( cG ) and influence of CNT wt% 

As discussed, critical SERR ( cG ) has been computed using QSC and VCCI as discussed in 

section 3.3.3 of Chapter 3. In the present case, cG  has been calculated for different wt% of 

CNT in (CNT+epoxy) to know the effect of addition of CNTs in the epoxy actually 

enhances the resistance to the further growth of embedded delamination. Since the SERR is 

maximum corresponding to e = 2.5 and for 0 = , therefore the variation of cG  with CNT 

wt% has been computed corresponding to e = 2.5 and 0 = , and Fig. 6.26 shows the 

variation with different CNT wt%. It could be seen from Fig. 6.26 that as CNT wt% 

increases, the magnitude of cG  increases substantially and reaches a maximum at 1 wt%. 

However, with the further increase in CNT beyond 1 wt%, value of cG  decreases though still 

more than that corresponding to the case of neat resin. It could be observed that the 

corresponding to 1 wt% of CNT, increase in cG  is 50% more than that of neat resin. 

Therefore, it could be inferred that addition of CNT to epoxy leads to significant 

enhancement in the resistance to further growth of delamination in the post impact loading, 

but there is a limit to CNT wt% to which this enhancement is maximum which is 1% in the 

present case. 

 

Figure 6.26: cG  variation with wt% of CNT   
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As could be seen that the critical SERR computed under transverse load is less than that 

corresponding to axial loading. This is due to the fact that there is a huge difference in mode 

mixity at the delamination front. While for axial loading it is almost like pure mode II but in 

case of transverse loading it is mix of all the three modes at some locations and hence the 

difference. In general, it could be summarized that in post impact loading, the laminate is 

tougher against axial load than against transverse load. 

6.6 Summary 

The present chapter aimed at investigating the enhancement of resistance to growth of 

delamination by adding CNTs with epoxy in the post impact loading of a laminate having an 

embedded elliptical delamination caused due to low velocity impact. Using VCCI and stress 

based criterion, 3D FEAs are carried out to calculate the total critical SERR as a measure of 

resistance to delamination growth corresponding to different CNT wt% and the following 

important observations have been drawn. 

• In-plane, as well as out-of-plane stresses are induced along the delamination, due to 

centrally located embedded delamination at the interface of laminate, when the 

laminate is loaded.  

• Existence of all the three out-of-plane components of the interlaminar stresses at the 

delamination front clearly shows a 3D state of stress at the delamination front. Thus 

it could be inferred that the delamination at the interface will be mixed mode even if 

the applied load is purely axial.  

• In both cases of laminate with axial and transverse loading, the maximum 

magnitudes of interlaminar stresses z  , xz  and 
yz occurs at different locations of 

the delamination front and these increases with increase in aspect ratio (e) of the 

embedded delamination as well as increase in adjacent intact ply orientation. 

• In both cases of laminate with axial and transverse loading, similar to the stress 

variation, the maximum magnitude of individual components of SERR also occur at 

different locations showing that it is the combination of IG , IIG  and IIIG that will 

decide whether the delamination will further grow or not. In other words, not only 

the IG , IIG  and IIIG vary along the delamination front but the mode mix ratio is 

also different. 

• In case of laminate with axial loading, the magnitude of IG is much smaller 

compared to those of IIG  and IIIG showing that mode II and mode III will dominate 

the delamination growth.  
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• In case of laminate with transverse loading, IG is absent due to compressive nature of 

interlaminar normal stress, and IIG is higher compared to IIIG showing mode II will 

dominate the delamination. 

• In both cases of laminate with axial loading and transverse loading, both maximum 

mode II SERR ( maxIIG ) and maximum mode III SERR ( maxIIIG ) increases with the 

increase in aspect ratio of delamination.  

• In both cases of laminate with axial and transverse loading, addition of CNTs to the 

epoxy leads to substantial improvement in resistance to growth of delamination from 

an existing embedded delamination at the interface in post impact loading.  

• In both cases of laminate with axial and transverse loading, the magnitudes of SERR 

components decrease with the addition of CNTs to the epoxy indicating that the 

chance for delamination to grow at the interface could be reduced.  

• In the case of axial loading, addition of 1 wt% CNTs in epoxy indicates a reduction 

of maxIIG and maxIIIG  values by 11% and 20% respectively compared to those for neat 

epoxy (without CNT). 

• In the case of transverse loading, addition of 1 wt% CNTs in epoxy indicates a 

reduction of maxIIG and maxIIIG  values by 25% and 21% respectively compared to 

those for neat epoxy (without CNT). 

• Critical SERR as a measure of the resistance to delamination growth is significantly 

increased by the addition of CNTs to epoxy for both axial and transverse loading 

respectively in comparison to carbon/epoxy laminate without CNTs. 

• Even though the critical SERR of such laminated composites with embedded 

elliptical delamination at the interface is a function of shape (aspect ratio) of the 

delamination as well as the relative fiber orientation at the interface, however, in all 

the cases, the addition of CNTs has shown to improve resistance to delamination 

growth significantly. 

• Adding CNTs to epoxy leads to enhancement in delamination resistance though, 

there is a limit beyond which further addition of CNTs to epoxy leads to a reduction 

in critical SERR. Thus, in order to achieve maximum resistance to delamination 

growth of an embedded elliptical delamination, it is necessary to identify the 

optimum amount of CNT wt% to be added with the epoxy. In the present case, it is 

1% but it may vary based on different laminate configurations. 

• In post impact loading, the laminate is tougher against axial loading compared to 

transverse loading. 
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CHAPTER 7 

Three phase carbon/(CNT+epoxy) laminates with multiple 

embedded elliptical delamination 

 

This chapter presents the FEA of a three phase carbon/(CNT+epoxy) laminates having two 

neighboring delaminations at the interface to study the interactions of such delamination under 

loading. Dependence of their interaction on the separating distance has been presented in 

addition to the influence of CNTs on such delamination. 

7.1 Introduction 

Laminated composite structures are very often subjected to multiple impacts leading to 

multiple delaminations at the interface. Once such delaminations are identified, it becomes 

important to understand whether two closely spaced delaminations actually behave as a single 

large delamination or as individual small delaminations. It is equally important to address how 

the matrix properties could be modified by adding CNTs so that resistance against merging of 

two delaminations could be enhanced.   

7.2 Geometry of the specimen and material properties 

 

Figure 7.1: Two interfacial elliptical delaminations in a laminate 
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Figure 7.1 shows the three phase carbon/(CNT+epoxy) laminates having two neighboring 

delaminations at the interface. A [0 / / 90]s laminate configuration has been considered and 

the delaminations were considered to be present at the [0 / ]+  interface in a thin resin layer.  

As shown in Fig. 7.1, 

L = length = 100 mm 

W = width = 100 mm 

a1, a2 = major axes of delamination 1 and 2  

b1, b2 = minor axes of the delamination 1 and 2 

 e = a / b = aspect ratio  

d = separating distance between two delaminations. 

Elastic properties of CNT+epoxy (matrix) and carbon/(CNT+epoxy) composite laminates 

have been computed using Halpin-Tsai equations and the rule of mixtures (discussed in section 

3.6 of Chapter 3) and are shown in Table 7.1. 

Table 7.1: Carbon/(CNT+epoxy) composites properties 

 
Matrix 

 (CNT+epoxy) 

Composite  

(Carbon fiber (60%) + (CNT+epoxy)) 

CNT 

wt%  

in epoxy 

Tensile 

modulus 

(GPa) 

Poisson’s 

ratio 

  

Shear 

modulus 

(GPa) 

Longitudinal 

tensile 

modulus  

E1 (GPa) 

Transverse 

tensile 

modulus  

E2 (GPa) 

In-plane 

Poisson’s 

ratio 

 ν12 

In-plane 

shear 

modulus          

G12 (GPa) 

0.0%  3.10 0.35 1.15 139.24 7.59 0.284 2.75 

0.25% 3.31 0.35 1.23 139.33 8.11 0.284 2.93 

0.50% 3.53 0.35 1.31 139.41 8.62 0.284 3.11 

1.00% 3.95 0.35 1.46 139.58 9.63 0.284 3.46 

1.50% 4.38 0.35 1.62 139.75 10.65 0.284 3.81 

 

7.3 FEA of the laminate with two embedded delaminations  

The laminate has been modeled with the top and bottom sub laminates and the interface is 

represented by a thin (0.1 times ply thickness) resin layer. Delamination is reported to originate 

at the interface of the resin layer and neighboring laminae [152], which supports the modeling 

of the interface with a resin rich layer. Additionally, it was reported that the introduction of a 

thin resin layer eliminates the oscillatory stress singularity that occurs at the interface in layered 

FRP composites [106]. The laminate having embedded delaminations at the interface is 

discretized using 3D, eight noded, layered element (SOLID 185 in ANSYS), and layer wise 

orthotropic properties are input. It has been reported [158] that FEA solutions could produce 

inaccurate results due to the interpenetration of delaminated layers and therefore, in the 
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present FE analysis, the top and bottom nodes of the delaminated region are connected 

through a bi-linear contact element (CONTA 178 in ANSYS) ensuring no interpenetration of 

delaminated layers.  

 
 (a)  

 

 
 (b) 

 

Figure 7.2: (a) 3D FE mesh of square laminate (b) zoomed mesh near delamination (e = 2.5) 

Figures 7.2(a) and 7.2(b) show the 3D FE mesh of the laminate specimen and zoomed 

view of the mesh close to embedded elliptical delamination respectively. After performing a 

mesh refinement study, a highly refined mesh close to the delamination front has been used to 

capture the stiff stress gradient at the delamination front. The convergence of interlaminar 

shear stress ( zn ) for gradual mesh refinement is shown in Figure 7.3. There has been no 

change in the magnitude of zn  beyond 81984 elements as shown in Table 7.2. The laminate 

is modeled using 81984 elements (SOLID 185) and top and bottom delaminated surfaces are 

connected with 960 elements (CONTA 178). 
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Figure 7.3: Finite element mesh convergence (e = 1, d = 20 mm, and 0 = ) 

 

Table 7.2: Finite element mesh convergence of zn  

 

 

 

 

 

 

 

 

 

7.4 Results and discussions for axial loading of the laminate 

A three phase carbon/(CNT+epoxy) laminate with two interfacial delaminations of elliptical 

shape has been modeled in ANSYS using SOLID 185 and CONTA 178 elements by 

developing an APDL code. Interlaminar stresses have been computed using the 3D FE 

analysis and the components of SERR are computed using virtual crack closure integration 

(VCCI) technique. Since a stiff stress gradient exists near the vicinity of the embedded 

delamination, a highly refined mesh is used there. The VCCI based evaluation of SERR has 

been validated before using the same for analysis of the embedded delamination. Different 

configurations of the laminate have been considered in the study to understand the effect of 

adding CNTs to the epoxy on the propensity of the delamination to grow further under 

loading. 

Mesh number Number of elements  zn (MPa) 

1 28224 3.65 

2 38976 3.43 

3 49728 3.31 

4 60480 3.23 

5 71232 3.16 

6 81984 3.15 

7 92736 3.15 
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7.4.1 Validation 

In order to validate the computed SERR around a circular delamination front using the present 

FE analysis and virtual crack closure integral, a  3[(0 / 45 / 45) ]s+ −  square laminate with a 

side of 50 mm, and a centrally located through hole of 5 mm in diameter, is considered 

following the work of Shen et al. [159]. Mode II SERR computed using VCCI from the present 

FE analysis is compared with that of Shen et al. [159] as shown in Fig. 7.4. and a similar 

qualitative trend in variation of GII with 𝜙 could be seen excepting at a few points where the 

present FE estimates higher values of GII. 

 

Figure 7.4: Mode II SERR around a circular delamination front 

 

7.4.2 Interlaminar stresses along embedded delaminations 1 and 2 

The variation of interlaminar stresses  z  , zn  and zt  along the delamination front 1 and 

2 (represented by angles measured from the X-axis as in Fig. 7.2) for a separating distance of 

20 mm between the two delaminations in a [0 / / 90]s carbon/epoxy laminate are shown in 

Fig. 7.5(a), 7.5(b), and 7.5(c) respectively. These are stresses near the delamination front 

averaged over a very small distance. Stress variation has been shown along half of the total 

delamination front ( 0 180− ) due to the symmetry. The presence of all three out-of-plane 

interlaminar stresses shows a 3D state of stress at the delamination fronts leading to mixed 

mode delamination. The magnitudes and variation of interlaminar stresses for both the 

delaminations are same excepting slight difference in the case of z . 
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(a) 

 

(b) 

 

 
(c) 

Figure 7.5: Variation of (a) z , (b) zn  and (c) zt  along delamination fronts 1 and 2  

(e = 1, d = 20 mm, and 0 = ) 

7.4.3 Strain energy release rate along the delamination front 

By performing 3D FE analysis, considering the delamination front near the elliptical 

delamination as the crack front, required interlaminar stresses and displacements are evaluated 

to compute SERR components for different separating distances, different delamination 

shapes, and different fiber orientations using VCCI as discussed in section 3.3.2 of Chapter 3. 
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7.4.3.1 Effect of relative spacing between two delaminations 

In order to understand how relative spacing or separating distance between two delaminations 

at the interface influences the strain energy release rate, different center distances (d) viz. 20, 

40 and 60 mm are considered. SERRs are computed using VCCI along both the delamination 

fronts but the variation is shown only for delamination front 1 due to symmetry of geometry.   

  

(a) (b) 

 

(c) 

Figure 7.6: Variation of (a) 
IG  ,(b) 

IIG , and (c) IIIG along delamination front 1  

Figures 7.6(a), 7.6(b), and 7.6(c) show the variation of SERR components, IG , IIG , and 

IIIG respectively for delamination 1 with different separating distances for e = 1 and 0 =

degrees. It could be observed that in accordance with the variation of interlaminar stresses 

(Fig. 7.5), the components of SERR also vary following a similar trend along the delamination 

front. Similar to the stress variation, the maximum magnitude of SERR components also occur 

at different location showing that it is the combination of IG , IIG  and IIIG that will decide 

whether the delamination will grow or not. However, it could be observed that the magnitude 
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of IG is much smaller compared to those of IIG and IIIG showing that mode II and mode III 

will dominate the delamination growth. Also II IIIG G by an order of magnitude showing that 

IIG is the dominant mode even though IIIG also contributes.  

It could be seen that location of maximum value of IIG  is at 0 for smaller separating 

distance (d = 20 mm) and for larger separating distance the location shifts to 180 . This shows 

that for a smaller separating distance the two delaminations act as one big delamination and 

tend to progress towards the edge. Whereas for larger separating distance, the two 

delaminations grow towards each other and finally coalesce into one.  

The maximum magnitudes of IIG and IIIG for different separating distances have been 

shown in Fig. 7.7. It has been observed that as separating distance between the two 

delaminations increases, there is a substantial reduction in both maximum mode II SERR (

maxIIG ) and maximum mode III SERR ( maxIIIG ) when the separating distance is increased from 

20 mm to 40 mm. But when the separating distance is increased further the values almost 

remain same. 

 

Figure 7.7: Maximum SERR for different separating distances  

7.4.3.2 Effect of shape of delamination 

To study the influence of delamination shape at the interface on the SERR along the 

delamination front 1, the delamination shape (e = a/b) is varied from to 1 to 2.5 and the SERRs 

are computed for different separating distances. 
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(a) (b) 

Figure 7.8: Variation of (a) 
IIG , and (b) IIIG along delamination front 1  

  

(a) (b) 

 

(c) 

Figure 7.9: Maximum SERR with different aspect ratio of the delamination for (a) d = 20 mm, 

 (b)  d = 40 mm, and (c) d = 60 mm   

 

TH-3312_166103110



122                                                                                                                                                   Chapter 7  

 

Figures 7.8(a), and 7.8(b) show how IIG , and IIIG respectively vary along the curved 

delamination with increasing aspect ratio, e (= a/b) for d = 20 mm and 0 =  degrees. In the 

present case, with the increase in e, magnitude of IIG and IIIG  increases. With the increase of 

the aspect ratio, e, the point at which delamination starts to grow (at which  IIG  and IIIG

reach maximum value) changes along the delamination front. Here also II IIIG G for all 

values of e, location of IIG suggest that for d = 20 mm, the two delaminations act as one single 

delamination and grow towards the edge of the laminate. 

Figure 7.9(a), 7.9(b), and 7.9(c) show the variation of both maxIIG and maxIIIG  for 0 =

degrees with increasing aspect ratio, e (= a/b) for d = 20 mm, d = 40 mm, and d = 60 mm 

respectively. In all the cases, maxIIG and maxIIIG increases substantially with the increase in e, 

showing that the chances of delamination along the delamination front increases with the 

increase in aspect ratio.  

7.4.3.3 Effect of fiber orientation 

In order to understand how the fiber orientation at the interface influences the SERR, the fiber 

orientation angle ( ) of the adjacent lamina is varied from 0 to 90 . From the previous 

section 7.4.3.2 it has been observed that SERR is maximum for an aspect ratio of e = 2.5. 

Hence, in the present case, SERR is computed for e = 2.5 and d = 20 mm. 

  
(a) (b) 

Figure 7.10: Variation of (a) IIG and (b) IIIG along delamination front 1  

 

Figures 7.10(a), and 7.10(b) show the variation of IIG  and IIIG  respectively around the 

elliptical delamination front for different orientation of fiber at the interface. While IIG is 
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maximum at 0 = for all the cases, and the maximum value of IIIG changes with fiber 

orientation. As could be seen that the magnitude of IIG is more than that of IIIG . IIG is 

maximum at 0 = in all the cases but the maxIIG is highest for 90 = . Similarly, maxIIIG is also 

highest for 90 = . 

Figures 7.11 shows the variation of maxIIG and maxIIIG  with the fiber orientation angle,  . It 

has been observed that as  increases, there is a significant increase in maxIIG and maxIIIG  and 

for 90 = ,  maxIIG  and maxIIIG  values are the highest though maxIIG  is much higher compared 

to maxIIIG . This is because the property mismatch is maximum at 0 / 90 
 indicating higher 

chances of delamination along the delamination front. Similar experimental results have been 

observed where SERR increases with the increase in fiber orientation [160]. 

 

 

Figure 7.11: Maximum SERR for different fiber orientations  

7.4.4 Effect of CNT wt% in epoxy on SERR 

Having observed that the SERR components in case of two interacting delaminations depend 

upon many factors viz., the separating distance, the shape and size of the delamination and 

the relative fiber orientation at the interface, it is clear that delamination progress is a complex 

mixed mode phenomenon and is not easy to estimate. However, the objective here has been 

to investigate whether using a modified matrix in the form of (CNT+epoxy) could actually 

mitigate the chances of delamination progress. Therefore, in order to study the influence of 

CNTs on the delamination growth from the impact induced delaminations at the interface, 

different weight percentages (0%, 0.25%, 0.5%, 1%and 1.5%) of CNTs are considered and 

finite element analysis has been performed in which the components of SERR are computed 
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using VCCI. It has been observed from the results in the previous section 7.4.3.3 that SERR is 

maximum corresponding to fiber orientation of 90
and aspect ratio of 2.5. Hence, the 

influence of CNT wt% on SERR for these combinations has been presented here though 

similar trends have also been observed for other cases also.   

Figures 7.12(a), and 7.12(b) show the variation of IIG and IIIG  respectively along the 

elliptical delamination front with increasing CNT wt% at the interface in the presence of a 

neighboring delamination with separating distance, d = 20 mm. In all the cases, IIG is 

maximum at 0 = . It could be observed that both maxIIG and maxIIIG show significant 

reductions with increase in CNT wt%.  

 

  
(a) (b) 

Figure 7.12: Variation of (a) 
IIG and (b) 

IIIG along delamination front 1  

 

  
(a) (b) 

Figure 7.13: Maximum SERR (a) maxIIG , and (b) maxIIIG  variation with CNT wt% 

Figures 7.13(a), and 7.13(b) show the variation of maxIIG and maxIIIG  respectively on the 

elliptical delamination front 1 with increasing CNT wt% for ply angle of 90
at the interface. 
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It has been observed that as the CNT wt% increases, maxIIG and maxIIIG decreases and a 

maximum reduction of 16% in maxIIG and 42% in maxIIIG has been observed for 1.5 wt% in 

epoxy.  This shows that with the addition of CNT wt%, the chances of multiple delaminations 

growing as a single delamination at the interface are reduced significantly.  

7.5 Results and discussions for transverse loading of the laminate 

Interlaminar stresses have been computed using the 3D FE analysis and the components of 

SERR are computed using virtual crack closure integration technique. The same laminate used 

for axial loading analysis is considered here and different configurations of the laminate have 

been considered in the study to understand the effect of adding CNTs to the epoxy on the 

propensity of the delamination to grow further under transverse loading. 

7.5.1 FE analysis with embedded delamination 

FE modeling of the laminate with two interacting embedded delaminations is same as for the 

case of axial loading. Figures 7.14(a) and 7.14(b) show the 3D FE mesh of the laminate 

specimen and zoomed view of the mesh close to embedded elliptical delamination respectively. 

After performing a mesh refinement study, a highly refined mesh close to the delamination 

front has been used to capture the stiff stress gradient at the delamination front. The 

convergence of interlaminar shear stress ( zn ) for gradual mesh refinement is shown in Figure 

7.15. There has been no change in the magnitude of zn  beyond 71232 elements as shown in 

Table 7.3. The laminate is modeled using 71232 elements (SOLID 185) and top and bottom 

delaminated surfaces are connected with 960 elements (CONTA 178). Transverse loading is 

simulated by clamping all the edges of the laminate and applying transverse loading of 500N 

at centre. Different values of the relative spacing between delamination 1 and delamination 2 

have been considered. 

Table 7.3: Finite element mesh convergence of zn  

 

 

 

 

 

 

 

Mesh number Number of elements zn (MPa) 

1 28224 -6.91 

2 38976 -8.04 

3 49728 -8.91 

4 60480 -9.15 

5 71232 -9.27 

6 81984 -9.27 
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(a)  

 
(b) 

Figure 7.14: (a) 3D FE mesh of square laminate (b) zoomed mesh near delaminations (e = 2.5) 

 

Figure 7.15: Finite element mesh convergence (e = 1, d = 20 mm, and 0 = ) 
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7.5.2 Interlaminar stresses along embedded delaminations 1 and 2 

The variation of interlaminar stresses  z  , zn  and zt  along the delamination front 1 and 

2 (represented by angles measured from the X-axis with reference to Fig. 7.14) for a separating 

distance of 20 mm between the two delaminations in a [0 / / 90]s carbon/epoxy laminate 

are shown in Fig. 7.16(a), 7.16(b), and 7.16(c) respectively. These are the stresses near the 

delamination front averaged over a very small distance. Stress variation has been shown along 

half of the total delamination front ( 0 180− ) due to the symmetry. The presence of all the 

three out-of-plane interlaminar stresses shows a 3D state of stress at the delamination fronts 

leading to mixed mode delamination. The magnitudes and variation of interlaminar stresses 

for both the delaminations are exactly identical due to the symmetric locations and symmetric 

loading. 

  

(a) (b) 

 

(c) 

Figure 7.16: Variation of (a) z , (b) zn  and (c) zt  along delamination fronts 1 and 2  

(e = 1, d = 20 mm, and 0 = ) 
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7.5.3 Strain energy release rate along the delamination front 

By performing 3D FE analysis, considering the elliptical delamination front as the crack front, 

required interlaminar stresses and displacements are evaluated to compute SERR components 

for different separating distances, different delamination shapes, and different fiber 

orientations using VCCI as discussed in section 3.3.2 of Chapter 3 

7.5.3.1 Effect of relative spacing between two delaminations 

In order to understand how relative spacing between the two delaminations at the interface 

influences the strain energy release rate, different separating distances (d) viz. 20, 40 and 60 

mm are considered. Components of SERRs are computed using VCCI along both the 

delamination fronts but the variation is shown only for delamination 1 due to identical 

variation.  

  

(a) (b) 

 

(c) 

Figure 7.17: Variation of (a) IG  , (b) IIG , and (c) IIIG  along delamination front 1 
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Figures 7.17(a), 7.17(b), and 7.17(c) show the variation of SERR components, IG , IIG , 

and IIIG  respectively for delamination 1 with different separating distances for e = 1 and 

0 = degrees. It could be observed that in accordance with the variation of interlaminar 

stresses (Fig. 7.16), the components of SERR also vary following a similar trend along the 

delamination front. Similar to the stress variation, the maximum magnitude of SERR 

components also occur at different location showing that it is the combination of IG , IIG  and 

IIIG that will decide whether the delamination will grow or not. However, it could be observed 

that the magnitude of IG is much smaller compared to those of IIG and IIIG showing that 

mode II and mode III will dominate the delamination growth. It could be observed that except 

for d = 20 mm, 0IG =  for all the cases showing that mode I is absent, mode II and mode III 

are the dominant modes. It could also be observed that while IG (for d = 20 mm) is maximum 

at 180 = , IIG is maximum at 0 = and IIIG is maximum at 45 = . This shows that 

growth of delamination is not self-similar and is decided by IG , IIG  and IIIG . It is therefore 

not very clear how the two neighboring delaminations will interact. However, it could be seen 

that in all the cases of separating distances, IIG is maximum at 0 = and IIIG is maximum at 

45 =  and therefore unlike axial loading, here the nature of interaction is same for all the 

cases of separating distances studied here. In addition, the fact that IIG > IIIG and IIG is 

always maximum at 0 =  indicates that the two delaminations will always grow as one large 

delamination and progress towards the edge of the laminate.  

 

Figure 7.18: Maximum SERR for different separating distances  
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The maximum magnitudes of IIG and IIIG for different separating distances have been 

shown in Fig. 7.18. It has been observed that as separating distance between the two 

delaminations increases, there is a substantial reduction in both maxIIG  and maxIIIG  when the 

separating distance is increased from 20 mm to 40 mm. But when the separating distance is 

increased further the values almost remain same. 

7.5.3.2 Effect of shape of delamination 

To study the influence of delamination shape at the interface on the SERR along the 

delamination front 1, the delamination shape (e = a/b) is varied from to 1 to 2.5 and the SERRs 

are computed for different separating distances. 

Figures 7.19(a), and 7.19(b) show how IIG , and IIIG respectively vary along the curved 

delamination with increasing aspect ratio, e (= a/b) for d = 20 mm and 0 = degrees. In the 

present case, with the increase in e, the magnitude of IIG decreases and that of IIIG  increases. 

With the increase of the aspect ratio, e, the point at which delamination starts to grow (at which  

IIG  and IIIG reach maximum value) changes along the delamination front. As could be seen, 

for e = 1, IIG is maximum at 0 = but for e = 2 and e = 2.5, IIG is maximum at 45 = . 

Similarly, there is a slight shift in location of maximum value of IIIG with increasing e. 

However, since IIG is maximum between  0 = and 45 = , it could still be inferred that 

the two delaminations will act as one single delamination and grows outward. 

  

 

(a) 

 

(b) 

Figure 7.19: Variation of (a) IIG , and (b) IIIG along delamination front 1  

Figure 7.20(a), 7.20(b), and 7.20(c) shows the variation of both maxIIG and maxIIIG for 0 =

degrees with increasing aspect ratio, e (= a/b) for d = 20 mm, d = 40 mm, and d = 60 mm 
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respectively. For a separating distance of d = 20 mm, with the increase in e, maxIIG decreases 

and maxIIIG increases. Whereas for a separating distance of d = 40 mm, both maxIIG  and maxIIIG

increases with increasing aspect ratio. But in case of larger separating distance of d = 40 mm, 

both maxIIG  and maxIIIG increases up to e = 2 and for e = 2.5 both maxIIG  and maxIIIG decrease. 

For d = 20 mm, though maxIIG shows substantial reduction with the increasing values of e, and  

maxIIIG  shows marginal increase , but since maxIIG is much higher than maxIIIG , the chances of 

delamination along the delamination front decreases with the increase in aspect ratio.  

However, for higher separating distances, maxIIG  and maxIIIG are much less and the change with 

increasing e is also not that significant. 

  

(a) (b) 

 

 

 

 

 

(c) 

Figure 7.20: Maximum SERR with different aspect ratios of the delamination for (a) d = 20 mm  

(b) d = 40 mm, and (c) d = 60 mm  
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7.5.3.3 Effect of fiber orientation 

In order to understand how the fiber orientation at the interface influences the SERR, the fiber 

orientation angle ( ) of the adjacent lamina is varied from 0
to 90

. From the previous 

section 7.5.3.2 it has been observed that SERR is maximum for an aspect ratio of 1. Hence, in 

the present case, SERR is computed for e = 1 and d = 20 mm.  

Figures 7.21(a), and 7.21(b) show the variation of IIG  and IIIG  respectively around the 

elliptical delamination front with the orientation of fiber at the interface. It could be seen that 

not only the magnitudes of IIG  and IIIG changes with the fiber orientation angle  , but also 

the location of maxIIG  and maxIIIG are different for different  . As could be observed that IIG is 

maximum for 0 = and it is at 0 = but with increase in  , the location shifts and for 

90 = , it is at 45 = . Similarly, IIIG is maximum for 45 = and is at 0 = , but for other 

values of   it is at 45 = . 

 
(a) 

 
(b) 

Figure 7.21: Variation of (a) 
IIG and (b) IIIG along delamination front 1  

 

Figure 7.22: Maximum SERR for different fiber orientation  
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Figures 7.22 show the variation of maxIIG and maxIIIG  with the fiber orientation angle,  . It 

has been observed that the magnitude of maxIIG  is higher compared to that of maxIIIG . Similar 

experimental results have been observed where SERR increases with the increase in fiber 

orientation [160]. 

7.5.4 Effect of CNT wt% in epoxy on SERR 

The behavior of SERR components in the case of two interacting delaminations depends on 

various factors, including the separating distance, the size and shape of the delamination, and 

the orientation of fibers at the interface, it is clear that progress of delamination is a complex 

mixed mode phenomenon and is challenging to predict accurately. However, the main 

objective here was to explore whether the use of a modified matrix in the form of (CNT+epoxy) 

could reduce the likelihood of growth of such delamination. Thus, to study the influence of 

CNTs on the growth of such delaminations from impact induced delaminations at the 

interface, different weight percentages (0%, 0.25%, 0.5%, 1%, and 1.5%) of CNTs were 

considered and FE analysis has been carried out in which components of SERR are computed 

using VCCI. It has been observed from the results in the previous section 7.5.3.3 that mode II 

and mode III SERRs are maximum for ply angle of 0
and 45

respectively for an aspect ratio 

of 1. Hence, the influence of CNT wt% on SERR for these combinations has been studied. 

Figures 7.23(a), and 7.23(b) show the variation of IIG and IIIG respectively on the elliptical 

delamination front with increasing CNT wt%. As could be seen that there has been a 

significant reduction in IIG and IIIG around the delamination front with increase in CNT wt%. 

 

  

(a) (b) 

Figure 7.23: Variation of (a) IIG and (b) IIIG along delamination front 1  
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Figures 7.24(a), and 7.24(b) show the variation of maxIIG for 0 = and maxIIIG for  45 =

respectively on the elliptical delamination front with increasing CNT wt%. It has been 

observed that as the CNT wt% increases, maxIIG and maxIIIG decreases and a maximum 

reduction of 35% in maxIIG and 25% in maxIIIG has been observed for 1.5 wt% in epoxy.  Hence, 

it has been confirmed that with the addition of CNT wt%, the chances of delamination growth 

at the interface will be reduced substantially. Similar trends have also been observed for other 

configurations also.  

 

  

(a) (b) 

Figure 7.24: Maximum SERR (a) maxIIG , and (b) maxIIIG variation with CNT wt%  

 

 

7.6 Summary 

The present chapter aimed at the possibility of improving delamination resistance by adding 

CNTs with epoxy during the post-impact loading of a laminate having two interacting 

delaminations at the interface. A full three dimensional FE analysis is carried out to compute 

the SERR as a measure of resistance to delamination growth for different CNT wt%. The 

present numerical analysis resulted in the following observations: 

• In both cases of axial and transverse loading of the three phase carbon/(CNT+epoxy) 

laminate, the presence of all the three out-of-plane interlaminar stresses shows a 3D 

state of stress at the delamination fronts leading to mixed mode delamination. The 

magnitudes and variation of interlaminar stresses for both the delaminations are same 

excepting slight difference in the case of interlaminar normal stress in case of the axial 

loading. 
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• In both cases of axial and transverse loading of the three phase carbon/(CNT+epoxy) 

laminate, the magnitudes of SERR vary following a similar trend of interlaminar 

stresses along the delamination front. Similar to the stress variation, the maximum 

magnitude of SERR components also occur at different locations showing that it is a 

mixed mode phenomenon and the combination of IG , IIG  and IIIG will decide 

whether the delaminations will grow or not.   

• In the case of two interacting delaminations at the interface, they grow further under 

post impact loading such as axial and transverse loading and it is a mixed mode 

phenomenon dictated by different factors like the shape and size of the delaminations, 

their separating distance, relative fiber orientation at the interface and is difficult to 

assess.  

• In both cases of axial and transverse loading of the three phase carbon/(CNT+epoxy) 

laminate, the magnitude of IG is much smaller compared to those of IIG and IIIG . 

Also II IIIG G by an order of magnitude showing that IIG is the dominant mode even 

though IIIG also contributes.  

• In case of laminate with axial loading, for smaller separating distance (d=20 mm) the 

location maximum value of IIG   is  0 and for larger separating distance the location 

shifts to 180 . This indicates that when the distance between the two delaminations is 

small, they behave as a single larger delamination and tend to grow towards the edge. 

On the other hand, when the separating distance is larger, the two delaminations grow 

towards each other and finally coalesce into one. 

• In case of laminate with transverse loading, IIG is maximum at 0 = and IIIG is 

maximum at 45 = for all the cases of separating distances and therefore unlike axial 

loading, here the nature of interaction is same for all the cases of separating distances. 

In addition, the fact that IIG > IIIG and IIG is always maximum at 0 =  indicates 

that the two delaminations will always grow as one large delamination and progress 

towards the edge of the laminate.  

• In case of the laminate with axial loading, for all values of aspect ratio of delamination, 

II IIIG G and the location of IIG suggest that for smaller separating distance, the two 

delaminations act as a single delamination and grow towards the edge of the laminate.  

• In case of the laminate with transverse loading, as the aspect ratio of delamination 

increases, maxIIG decreases and maxIIIG increases substantially showing that the chances 
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of delamination along the delamination front decreases due to higher magnitude of 

maxIIG compared to maxIIIG . 

• In case of axial loading, for all configuration of the laminate, the magnitude of IIG is 

more than that of IIIG . The maximum value of  IIG  at 0 = for all fiber orientation 

( ), and the maximum value of IIIG changes with  . maxIIG and maxIIIG are highest for 

90 = . 

• In case of transverse loading, as the fiber orientation at the interface ( ) changes, the 

magnitudes of IIG and IIIG changes and location of maxIIG and maxIIIG  are different. 

IIG is maximum for 0 = and it is at 0 = but with increase in  , the location shifts 

and for 90 = , it is at 45 = . Similarly, IIIG is maximum for 45 = and is at 

0 = , but for other   it is at 45 = . 

• In both cases of laminate with axial and transverse loading, the magnitudes of IIG and 

IIIG decreases with increase in CNT wt%, indicating that the possibility of 

delamination to grow at the interface is substantially reduced.  

• In case of axial loading, in the most sever case of two interacting delaminations, adding 

1.5% CNT to epoxy leads to reduction in maxIIG and maxIIIG  by 16% and 42% 

respectively in comparison with those for neat epoxy. 

• In case of transverse loading, in the most sever case of two interacting delaminations, 

adding 1.5% CNT to epoxy leads to reduction in maxIIG and maxIIIG  by 35% and 25% 

respectively in comparison with those for neat epoxy. 
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CHAPTER 8 

Conclusions and further scope of work 

Results obtained from the present thesis work on the FE analysis of the three phase 

carbon/(CNT+epoxy) composites having flaws like ply break and interfacial embedded 

delamination have been discussed in the previous chapters and some important conclusions 

could be drawn. Those conclusions are summarized in this chapter along with the further 

scope of extending this work. 

8.1 Conclusions 

The work in this thesis investigated the behavior of three phase carbon/(CNT+epoxy) 

composites with internal flaws like ply break and delamination with an objective of first 

understanding the important factors influencing the behavior of such laminates with flaws 

and then understanding how modifying the matrix with CNTs could improve the resistance 

to delamination from those defects. Three dimensional FE analyses have been performed 

first to understand the behavior of such three phase carbon/(CNT+epoxy) composite 

laminates in the presence of such flaws and important parameters affecting the behavior and 

then to investigate the influence of CNTs to enhance the resistance to failure due to 

delamination in presence of such flaws.  Results from the investigation led to several 

conclusions. Some of these are general in nature and kind of observations and are classified 

as general conclusions. While some of the conclusions are more specific and bear significant 

importance from the view point of design of such composites and are classified as specific 

conclusions. These general and specific conclusions are presented in the subsequent sections. 

8.2 General conclusions 

The general conclusions are as follows 

• Three phase composites such as carbon/(CNT+epoxy) laminates despite their 

better strengths may also experiences defects like ply break and interfacial 

delamination especially under low velocity impact. These defects are sub-surface 

in nature and many a time go unnoticed. 

• In the post impact loading, both in-plane and out-of-plane stresses are induced in 

the vicinity of such defects causing interfacial delamination to initiate from such 

defects leading to catastrophic failure of the laminate. 
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• Existence of all the three out-of-plane components of the interlaminar stresses at the 

interface near the flaws shows a 3D state of stress and hence the delamination at the 

interface is a mixed-mode phenomenon irrespective of the nature of the applied 

load. 

• Growth of such delamination is a complex phenomenon and influenced by many 

factors such as size of the ply break, size and shape of the embedded delamination, 

fiber orientation at the interface, properties and thickness of the resin layer etc. 

• Interfacial resin layer has a significant influence on the delamination initiating from 

such flaws and needs due attention in design of such laminates. 

• Adding CNTs to the epoxy enhances the resistance to delamination from such flaws 

but the appropriate percentage of CNTs needs to be decided. 

• In the case of laminate with ply break, the stresses get redistributed in the vicinity of 

the ply break over a small length, leading to a stress concentration, and reach the 

nominal value away from the break. Adjacent intact plies get overstressed 

increasing the chances of breaking and the interface experiences high interlaminar 

stresses increasing the chances of delamination. However, adding CNTs to epoxy 

could significantly improve the resistance to such delamination. 

• In case of laminate with impact induced embedded delamination, under post 

impact loading out–of–plane interlaminar stresses z  , xz  and 
yz are induced at 

the interface and the magnitudes of maximum value of those stresses occur at 

different locations along the boundary of the delamination and same is the case 

with the location of maximum value of SERR components. This shows that the 

delamination growth direction cannot be estimated and is complex. However, the 

addition of CNTs to epoxy actually reduces the magnitudes of SERR. 

• For multiple neighboring delaminations, the situation is even more complex where 

two delaminations may act as one large delamination and grow or grow 

individually depending upon the separating distance between them. 

8.3 Specific conclusion 

8.3.1 Three phase carbon/(CNT+epoxy) laminates with ply break  

• In case of ply break, two effects are clearly visible from the stress analysis viz. the 

intact adjacent ply experiences a high stress concentration and the interface of the 

broken and intact ply experiences high interlaminar stresses. 

• For smaller width ply break, as the ply break width increases the stress 

concentration in the adjacent intact ply increases but as the ply break width 
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approaches the full width it is insignificant.  In the present case, as the ply break 

width increases from c = 2 mm to c = 8 mm, the stress concentration increases from 

1.2 to 1.24 and thereafter almost constant. This shows that a smaller width ply 

break grows to a larger width ply break.  

• In the vicinity of the ply break at the interface between the broken and intact plies, 

though all the three out-of-plane interlaminar stresses are present, in the case of 

axial loading of the laminate, xz   is significantly higher compared to z and
yz , 

which indicates the dominant mode of delamination is the shearing mode. 

• The magnitude of xz  decreases with an increase in resin layer thickness showing 

that thicker the interfacial resin layer less is the chance of delamination. 

• The magnitude of xz though does not change significantly with increasing ply break 

width however strongly influenced by the relative ply orientation ( ) at the 

interface of broken and intact plies. This is same for all cases of CNT wt%. 

• The fact that the interlaminar stresses z and 
yz are insignificant compared to xz is 

reflected in the SERR components and it was observed that IG  and IIIG  were 

negligibly small compared to IIG (due to xz ) which happens to be the dominant 

mode. 

• The increase in mode II SERR IIG  with increasing ply break width is insignificant 

as was the case for interlaminar stress xz . 

• As the adjacent intact ply angle increases, IIG  increases significantly up to  = 45  

and beyond that the increase is not much significant. 

• Addition of CNTs with epoxy leads to a significant reduction in magnitudes of 

SERR, which indicates that the chances of delamination at the interface are reduced 

significantly. In the case of a full width ply break, adding only 0.25 wt% of CNTs 

with the epoxy leads to a 25% reduction in IIG . 

• Variation of critical SERR with CNT wt% shows that modification of epoxy by the 

addition of CNTs to it significantly improves the resistance to delamination at the 

interface of broken and intact plies in FRP laminated composites.  

• Increase in CNT wt% with epoxy leads to increase in resistance to delamination at 

the interface, up to certain wt% of CNTs only, and beyond that it decreases again. 

• In the present case of carbon/(CNT+epoxy) with ply break, critical SERR was 

observed to increase with the addition of CNT wt% till 1 wt% of CNTs, and adding 

CNTs beyond 1% leads to a reduction in delamination resistance though it is still 
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more than that corresponding to neat epoxy (0 wt% of CNT). Therefore, it is 

important to determine the optimum percentage of CNTs to be added to the epoxy 

to achieve the best resistance against delamination. 

• Adding only 1 wt% of CNT to epoxy leads to 36% increase in resistance against 

delamination growth at the interface in case of broken ply. 

• The resin rich layer between the plies plays an important role in resistance to 

delamination growth at the interface. Thicker is the resin rich layer more is the 

resistance to delamination growth. 

• The fiber orientation of adjacent intact ply plays an important role in interfacial 

delamination growth. For a 20 / / 0
s

   carbon/(CNT+epoxy) laminate, 

delamination resistance is maximum for a ply orientation of 90 =  at the 

interface. 

• As expected, the critical strain energy release rate is independent of ply break width 

and the laminate thickness for all the cases of given laminate configurations 

reinforcing it as a property for a specific laminate. However, it depends upon the 

fiber orientation of intact ply adjacent to broken plies.  

8.3.2 Three phase carbon/(CNT+epoxy) laminates with a single embedded 

delamination  

• In-plane, as well as out-of-plane stresses are induced along the delamination, due to 

centrally located embedded delamination at the interface of laminate, when the 

laminate loaded axially as well as transversely.  

•  Existence of all the three out-of-plane components of the interlaminar stresses at the 

delamination front clearly shows a 3D state of stress at the delamination front. Thus 

it could be inferred that the delamination at the interface will be mixed mode even 

though the applied load is purely axial and transverse.  

• In both cases of laminate with axial and transverse loading, the maximum 

magnitudes of interlaminar stresses z  , xz  and 
yz occurs at different locations of 

the delamination front and these increases with increase in aspect ratio (e) of the 

embedded delamination as well as increase in adjacent intact ply orientation. 

• In both cases of laminate with axial and transverse loading, similar to the stress 

variation, the maximum magnitude of individual components of SERR  also occur at 

different locations showing that it is the combination of IG , IIG  and IIIG that will 

decide where the delamination will further grow or not. In other words, not only the 
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IG , IIG  and IIIG vary along the delamination front but the mode mix ratio is also 

different. 

• In case of laminate with axial loading, the magnitude of IG is much smaller 

compared to those of IIG  and IIIG showing that mode II and mode III will dominate 

the delamination growth.  

• In case of laminate with transverse loading, IG is neglected due to compressive 

nature of interlaminar normal stress, and IIG is higher compared to IIIG showing 

mode II will dominate the delamination growth. 

• In both cases of laminate with axial loading and transverse loading, both maximum 

mode II SERR ( maxIIG ) and maximum mode III SERR ( maxIIIG ) increases with the 

increase in aspect ratio of delamination.  

• In the both cases of laminate with axial and transverse loading, addition of CNTs to 

the epoxy leads to substantial improvement in resistance to growth of delamination 

from an existing embedded delamination at the interface in post impact loading.  

• In the both cases of laminate with axial and transverse loading, the magnitudes of 

SERR components decrease with the addition of CNTs to the epoxy indicating that 

the chance for delamination to grow at the interface could be reduced.  

• In the case of axial loading, in the most severe case of delamination, the addition of 1 

wt% CNTs in epoxy indicates a reduction of maxIIG and maxIIIG  values by 11% and 

20% respectively compared to those for neat epoxy (without CNT). 

• In the case of transverse loading, in the most severe case of delamination, the 

addition of 1 wt% CNTs in epoxy indicates a reduction of maxIIG and maxIIIG values 

by 25% and 21% respectively compared to those for neat epoxy (without CNT). 

• Critical SERR as a measure of the resistance to delamination growth is significantly 

increased by the addition of CNTs in epoxy for both axial and transverse loading 

respectively in comparison to carbon/epoxy laminate. 
• Even though the critical SERR of such laminated composites with embedded 

elliptical delamination at the interface is a function of shape (eccentricity) of the 

delamination as well as the relative fiber orientation at the interface, however, in all 

the cases, the addition of CNTs has shown significant improvement in resistance to 

growth of delamination. 
• Adding CNTs to epoxy leads to enhancement in delamination resistance though, 

there is a limit beyond which further addition of CNTs to epoxy leads to a reduction 

in critical SERR. Thus, in order to achieve maximum resistance to delamination 
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growth at the interface from an embedded elliptical delamination, it is necessary to 

identify the optimum amount of CNT wt% to be added with the epoxy. In the 

present case, it is 1% but it may vary based on different laminate configurations. 

• In post impact loading, the laminate is tougher against axial loading compared to 

transverse loading. 

8.3.3 Three phase carbon/(CNT+epoxy) laminates with multiple embedded 

delamination 

• For both axial and transverse loading of the three phase carbon/(CNT+epoxy) 

laminate, the presence of all the three out-of-plane interlaminar stresses shows a 3D 

state of stress at the delamination fronts leading to mixed mode delamination. The 

magnitudes and variation of interlaminar stresses for both the delaminations are 

same excepting slight difference in the case of interlaminar normal stress in case of 

the axial loading. 

• In case of both axial and transverse loading of the three phase carbon/ (CNT+epoxy) 

laminate, the magnitudes of SERR vary following similar trend of interlaminar 

stresses along the delamination front. Similar to the stress variation, the maximum 

magnitude of SERR components also occur at different location showing that it is a 

mixed mode phenomenon and the combination of IG , IIG  and IIIG  will decide 

whether the delamination will grow or not. 

• In the case of two interacting delaminations at the interface, they grow further under 

post impact loading such as axial and transverse loading and it is a mixed mode 

phenomenon dictated by different factors like the shape and size of the 

delaminations, their separating distance, and relative fiber orientation at the interface 

and is difficult to assess.  

• In both cases of axial and transverse loading of the three phase carbon/ 

(CNT+epoxy) laminate, the magnitude of IG is much smaller compared to those of 

IIG and IIIG . Also II IIIG G by an order of magnitude showing that IIG is the 

dominant mode even though IIIG also contributes.  

• In case of laminate with axial loading, for smaller separating distance (d=20 mm) the 

location maximum value of IIG   is 0
and for larger separating distance the location 

shifts to180
. This indicates that when the distance between the two delaminations is 

small, they behave as a single larger delamination and tend to grow towards the edge. 

On the other hand, when the separating distance is larger, the two delaminations 

grow towards each other and finally coalesce into one. 
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• In case of laminate with transverse loading, IIG is maximum at 0 = and IIIG is 

maximum at 45 = for all the cases of separating distances and therefore unlike 

axial loading, here the nature of interaction is same for all the cases of separating 

distances. In addition, the fact that IIG > IIIG and IIG is always maximum at 0 =  

indicates that the two delaminations will always grow as one large delamination and 

progress towards the edge of the laminate.  

• In case of the laminate with axial loading, for all values of aspect ratio of 

delamination, II IIIG G and the location of IIG suggest that for smaller separating 

distance, the two delaminations act as a single delamination and grow towards the 

edge of the laminate.  

• In case of the laminate with transverse loading, as the aspect ratio of delamination 

increases, maxIIG decreases and maxIIIG increases substantially showing that the 

chances of delamination along the delamination front decrease due to higher 

magnitude of maxIIG compared to maxIIIG . 

• In case of axial loading, for all configuration of the laminate, the magnitude of IIG is 

more than that of IIIG . The maximum value of  IIG  at 0 = for all fiber 

orientation ( ), and the maximum value of IIIG changes with  . maxIIG and maxIIIG

are highest for 90 = . 

• In case of transverse loading, as the fiber orientation at the interface ( ) changes, the 

magnitudes of IIG and IIIG changes and location of maxIIG and maxIIIG  are different. 

IIG is maximum for 0 = and it is at 0 = but with increase in  , the location 

shifts and for 90 = , it is at 45 = . Similarly, IIIG is maximum for 45 = and is 

at 0 = , but for other   it is at 45 = . 

• In both cases of laminate with axial and transverse loading, the magnitudes of IIG

and IIIG decreases with increase in CNT wt%, indicating that the possibility of 

delamination to grow at the interface is substantially reduced.  

• In case of axial loading, in the most sever case of two interacting delaminations, 

adding 1.5% CNT to epoxy leads to reduction in maxIIG and maxIIIG  by 16% and 42% 

respectively in comparison with those for neat epoxy. 
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• In case of transverse loading, in the most sever case of two interacting delaminations, 

adding 1.5% CNT to epoxy leads to reduction in maxIIG and maxIIIG  by 35% and 25% 

respectively in comparison with those for neat epoxy. 

 

8.4 Major contributions  

• Efficacy of adding CNTs to epoxies in a three phase carbon/(CNT+epoxy) 

composites in improving the resistance to interfacial delamination has been 

demonstrated by 3D finite element simulations. 

• It is established that there exists a limit of CNT wt% to which it could be 

added to epoxy ensuring enhancement of resistance to delamination. Adding 

CNTs beyond this limit will lead to further reduction in delamination 

resistance. 

8.5 Scope for future work 

• The work done in the present research is limited to delamination growth of three 

phase composites with flaws subjected to static loading and the same could be 

extended to fatigue loading and combined thermo-mechanical loading.  

• This research may be extended to develop a learning system where SERR could be 

predicted as a function of different important parameters like laminate dimensions, 

stacking sequence, CNT wt% etc. 

• The three phase carbon/(CNT+epoxy) composites with flaws in the form of ply 

break and embedded delamination could be fabricated and experiments could be 

conducted to compare the numerical results with the experimental results.  
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