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ABSTRACT 
Nano-Reinforcement of Interfaces in Prepreg-Based Composites Using a Carbon Nanotubes 

Spraying Method 

Khaled Almuhammadi 

 

Multi-scale reinforcement of composite materials is a topic a great interest owing to the several 
advantages provided, e.g. increased stiffness, improved aging resistance, and fracture toughness. 
It is well known, that the fracture toughness of epoxy resins used as matrix materials for CFRP 
composites can be increased by the addition of nano-sized fillers such as Carbon nanotubes 
(CNTs). CNTs are particularly well suited for this purpose because of their nano-scale diameter 
and high aspect ratio which allow enhancing the contact area and adhesion to the epoxy matrix. 
On the other hand, CNTs can also be used to improve the interlaminar strength of composite, 
which is the resistance offered to delamination. Several fabrication techniques have been devised 
to this purpose, such as powder dispersion [51-53], spraying [54], roll coating [2] and 
electrospinning [55, 56].  

The aim of this work is to extend the knowledge in this field. In particular, MWCNTs were 
dispersed throughout the interface of a carbon fiber composite laminate ([0o]16)  through spraying 
and the resulting fracture toughness was investigated in detail.  

To this purpose, Double Cantilever Beam (DCB) specimens were fabricated by placing 0.5 wt.% 
CNTs at the interface of mid-plane plies and the fracture toughness was determined using the 
ASTM standard procedures. For comparison, baseline samples were prepared using neat 
prepregs. In order to corroborate the variation of fracture toughness to the modifications of 
interfacial damage mechanisms, Scanning Electron Microscopy (SEM) of the failed surfaces was 
also undertaken.  

The results of this work have shown that functionalized MWCNTs can enhance the interlaminar 
fracture toughness; indeed, compared to the neat case, an average increase around 17% was 
observed. The SEM analysis revealed that the improved fracture toughness was related to the 
ability of the Nano-reinforcement to spread the damage through crack bridging, i.e. CNTs pull-
out and peeling. 
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Introduction 
Carbon fiber reinforced polymer (CFRP) composites have extensive use in various sectors of 
industry and numerous applications in high performance structures such as aircrafts, boats, 
automobiles, wind turbines, and sporting goods. Attractive in-plane mechanical properties are 
obtained by using continuous in-plane fiber reinforcement in the fibers direction where they have 
high ultimate tensile strength and modulus or stiffness values due to fiber properties [6]. The out-
of-plane mechanical properties of CFRP composites, on the other hand, are not comparably 
superior to competing materials due to the lack of continuous fiber reinforcement in the out-of-
plane direction [27, 28]. In laminated composites, the interface between adjacent plies is a weak 
area with a very high content of neat resin. Considering the poor mechanical properties of epoxy 
matrices, the interface is susceptible to break resulting in extended delamination within the 
laminated structure. Then, a key point to improve the general performance of laminated 
composite is to design a reinforcement technique that specifically targets this interfacial resin 
area. One approach for improving the out-of-plane properties of CFRP composites focuses on 
modifications of the interface between the composite plies. The out-of-plane properties of CFRP 
composites are often characterized in terms of the interlaminar fracture toughness [29, 30], 
which is related to the fracture toughness of the polymer matrix along with other factors such as 
fiber-matrix adhesion. 

We propose herein to use carbon nanotubes (CNTs), directly deposited over the prepreg interface 
by means of spray deposition, in order to improve the interlaminar fracture toughness. 

Specifically, this study focuses on the improvement of mode I interlaminar fracture toughness 
using commercially available functionalized CNTs. The fracture toughness is measured on in-
house processed samples by using unidirectional [00]16 Double Cantilever Beam (DCB) 
specimens. It is found that CNT spraying can increase the interlaminar fracture toughness, and 
the underlying physical mechanisms explained through Scanning Electron Microscopy (SEM) 
analysis of the fractured surfaces. 

In the first part of this report, composite materials and laminated composites are highlighted. 
Then, multi-scale reinforcement strategies are discussed. After that, the materials and methods 
employed in this work are summarized, then the experimental set-up and testing procedures are 
explained. Finally, the obtained results are discussed. 
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Chapter1 
Composite Materials 
A composite material is a material which is composed of two or more distinct phases which have 
significantly different physical or chemical properties [25]. Composite material is considered as 
a heterogeneous material and its concept is based on the idea of bringing two or more materials 
or phases with poor properties to make a new material with improved properties. One phase will 
act as reinforcement where it bears most of the mechanical load and the second phase will act as 
the bulk of the material where it ensures the transfer of the mechanical load between the 
reinforcements (Fig. 1). Fibrous composite material is the material where fibers act as 
reinforcement. Combining the fibers with the matrix to form the desired material for a specific 
application needs to be chosen carefully and should be decided after thorough study of the 
application and the manufacturing process of that specific composite material. 

 

 

Figure 1: Cross section of fibrous composite material [60] 

 

 

 

 

Fiber 

Matrix 
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1.1 Classical Raw Constituents for Engineering Composites 

1.1.1 Common Fibers 
Currently there is a wide assortment of fibers which are available for use in composites and it is 
not limited to the current variety. The classical families of fibers include glass fibers, organic 
fibers, ceramic fibers, and carbon fibers. 

1.1.1.1 Glass Fibers 
Glass fibers are available in different grades which are E, D and R fibers grades. Fibers E are low 
quality and low cost fibers. They are used for most of the current non critical applications. Fibers 
D are used for the electrical insulation. Fibers R are used for high performance composites. Glass 
fibers generally have good adhesion between the fibers and the matrix. Also, have good 
mechanical properties but not like carbon fibers. They have good properties for electrical 
isolation too [25]. Glass fibers are used in applications which require strength, modulus and 
stability under extreme temperature and corrosive environment but they have high aging and 
environmental degradation with water, UV radiations and high temperatures. 

1.1.1.2 Organic Fibers 
Organic fibers are based on liquid aramid polymer liquid solution. They have good thermal 
stability but they have poor adhesion between the matrix and the fibers. They have high cost 
especially for the new technologies production of Kevlar or aramid fibers. They tend to have 
high tensile strength but only intermediate modulus and very low strength in compression [25]. 

1.1.1.3 Ceramic Fibers 
Ceramic fibers, like boron fibers and silicon fibers, applications are in the fields which require 
reliability at high temperatures beyond the capabilities of metals and resistance to corrosion and 
wear [25]. The low content of the ceramic fibers in the ceramic composites results in a brittle 
behavior of the material where the high content results in low bending strength. 

1.1.1.4 Carbon Fibers 
Carbon fibers have various prices and quality depending on the row material of the fibers [25]. 
There are two main row materials; ex-PAN which produces high reliability and quality carbon 
fibers based on the carbonization of polyacrylonitrile, and ex-BRAY which produces random 
quality at lower price based on the distillation of raw oil products (developed by SUMITOMO). 
There are two main families of carbon fibers; HR (High Resistance) and HM (High Modulus) 
carbon fibers [63].  
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Carbon fibers alternatively can be classified on the bases of their tensile strength and modulus as 
indicated in (Table 1). 

Table 1: Classification of  carbon fibers based on their tensile strength and modulus [63] 

Type Features 
UHM (ultra-high modulus) Carbon fibers with modulus greater than 600 GPa 
HM (high modulus) Carbon fibers with modulus greater than 300 GPa 

Strength-to-modulus ratio less than 1% 
IM (intermediate modulus) Carbon fibers with modulus between 275 and 350 GPa 

Strength-to-modulus ratio more than 1% 
LM (low modulus) Carbon fibers with modulus as low as 100 GPa and low 

strength 
They have an isotropic structure 

HT (high strength) Carbon fibers with strength greater than 3 GPa 
Strength-to-modulus ratio between 1.5 and 2% 

 

Carbon fibers are much better in compression than glass or Kevlar fibers and they have very high 
thermal stability (up to 2000⁰C in non-aggressive environment and 400⁰C in aggressive 
environment). Also, they have very high resistance to fatigue and their coefficient of thermal 
expansion almost equal to zero [25]. Carbon fibers have good electrical and thermal conductivity 
in addition to the good resistance to corrosion and chemical aggressions. The problems with 
carbon fibers are limited to sensitivity to mechanical impact and low strain level to failure. Also 
their cost is high especially for high quality carbon fibers based on PAN in addition to the high 
stiffness which makes them not applicable for some industrial processes. (Table 2) summarizes 
the properties of the engineering materials and carbon fibers: 
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Table 2: The properties of engineering materials and carbon fibers [25] 

Material Precursor Density 
ρ, 

g/cm3 
(lb/in3) 

Modulus 
EL, 

GPa 
(Msi) 

Poisson’s 
ratio 
νL 

Strength 
σL, 

MPa 
(ksi) 

Specific 
Stiffness 
(E/ρ)/ 
(E/ρ)AL 

Specific 
Strength 
(σ/ρ)/ 
(σ/ρ)AL 

Thermal 
Expansion 
Coefficient 

αL, 

µ/⁰C 
(µ/⁰F) 

Metals 
Steel - 7.8 

(0.284) 
200 (29) 0.32 1724 

(250) 
1.0 1.2 12.8 (7.1) 

Aluminum - 2.7 
(0.097) 

69 (10) 0.33 483 (70) 1.0 1.0 23.4(13) 

Titanium - 4.5 
(0.163) 

91 (13.2) 0.36 758 
(110) 

0.95 1.2 8.8 (4.9) 

Carbon Fibers (Axial Properties) 
AS4 PAN 1.8 

(0.065) 
235 (34) 0.2 3599 

(522) 
5.1 11.1 -0.8 

(-0.44) 
T300 PAN 1.76 

(0.064) 
231 (33) 0.2 3654 

(530) 
5.1 11.5 -0.5 (-0.3) 

P100S PITCH 2.15 
(0.078) 

724 
(105) 

0.2 2199 
(319) 

13.2 5.5 -1.4 
(-0.78) 

IM8 PAN 1.8 
(0.065) 

310 (45) 0.2 5171 
(750) 

6.7 16.1 - 

 

 

1.1.2 Common Resins 
The matrix of the composite material is a material into which the reinforcement is embedded and 
is completely continuous. There are three different types of the matrix material; polymers, 
metals, and ceramics [25]. 

1.1.2.1 Polymer Matrix 
The polymer matrix material is subdivided into thermoset and thermoplastic polymers. 

1.1.2.1.1 Thermoset Polymers 
Thermoset polymers cannot be reshaped after the initial polymerization such as polyesters, 
epoxies, and polyimides. They have better resistance to environment and better thermal stability.  
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1.1.2.1.2 Thermoplastic Polymers 
Thermoplastic polymers on the other hand soften upon heating and can be reshaped after 
polymerization with heat and pressure. They have better resistance to mechanical impact in 
addition to the low cost processing. The thermoplastic polymers are such as polypropylene, 
nylon, polyurethane, and polysulfone (Table 3). 

 

Table 3: Mechanical properties of some of thermoplastic and thermoset polymers 

Polymer Type Polymer 
Density 

(kg/dm3) 

Strength 

(GPa) 

Flexure 
Modulus 

(GPa) 

Max 
Temperature⁰C(for 

continuous use) 

Thermoplastic 
Polypropylene 1.2 20-30 1-1.6 85-115 

Polyamides 1.3-1.4 60-90 6-9 80-120 

 

Thermoset 

Polyester 1.2 50-65 3 120 

Vinyl-ester 1.15 70-80 3.5 140 

Phenolic 1.2 40-50 3 120-150 

Epoxy 1.1-1.4 50-90 3 120-200 

Polyurethane 1.1-1.5 20-50 1 100-120 

Poly-imide 1.3-1.4 30-40 4 250-300 

 

1.1.2.2 Metals Matrix 
The other type of the matrix materials is the metals matrix materials. They are used for 
applications that require mid-range use of temperature (300-800⁰C), high thermal conductivity, 
and high ductility. The other side of the metals matrix materials is that such materials are 
heavier, and more susceptible to corrosion and to the interfacial degradation between the fiber 
and the matrix. Examples of metals matrix materials are aluminum, titanium, and copper.  
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1.1.2.3 Ceramic Matrix 
Ceramics materials are another material type that can be used as a matrix material. They have 
high temperature range of use (2000⁰C), in addition to the low density and high elastic modulus. 
The main drawback of using ceramic materials as matrix materials in composites is that they are 
brittle and susceptible to defects. Also, the fabrication process is expensive and time consuming 
because it is a multistage process. Carbon, silicon carbide, and silicon nitride are examples of 
ceramic matrix materials. 

 

1.2 Laminated Composites 
Laminated composites are materials which are assemblies of layers of fibrous composite material 
bonded together (Fig. 2). Composite materials are available as plies or lamina which is the basic 
form of continuous fiber composites. 

1.2.1 General Structure of Laminated Composites 
A single ply consists of fibers oriented in a single direction (unidirectional) or two direction 
fibers such as a woven fabric (Fig. 3). The laminate is the stack of single plies on top of each 
other and in different or similar orientations based on the desired properties of the new 
composite material. The effective properties of the laminate vary with the orientation, thickness, 
and stacking sequence of the plies. Since they can be fabricated, they can be engineered to meet 
the specific demands of each particular application. The laminate is usually permanently 
assembled by heat, pressure, welding or adhesives. The laminates have very good properties in 
the fiber direction but they have poor transverse mechanical properties since only the matrix is 
bearing the mechanical load in the transverse direction.  

 

Figure 2: Major scales in continuous fibers reinforced polymers; from the reinforcement to the laminate [9] 
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1.2.1.1 Unidirectional Laminates 
Unidirectional laminate is the basic form of continuous fiber composites. The properties of 
unidirectional lamina are orthotropic with different properties in the directions parallel and 
perpendicular to the fibers. For a sufficient number of plies, the properties in the direction 
perpendicular to the fibers will be isotropic. Such material will be called “transversely isotropic”. 
[25] 

 

 

Figure 3: Unidirectional and woven plies [66] 

 

1.2.1.2 Woven Laminates 
The flexible fiberssuch as glass, carbon and aramid can be woven into fabric which can be 
impregnated with a matrix material. Woven fabrics naturally have better in-plane transverse 
effective properties than unidirectional lamina. They lay or “flex” better in structural 
configurations with substantial curvature and are more durable during handling (Fig. 3). [25] 

 

1.2.2 Main Processing Techniques 
Processing techniques of composites is a significant part to cover when we mention composite 
processing since processing the composite materials directly affects the microstructure, and 
being aware of them is always good to model properly a heterogeneous material. Composite 
materials can be fabricated in a variety of processes including vacuum bag technique, resin 
transfer molding (RTM), and filament winding. 
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1.2.2.1 Vacuum Bag Technique [67] 
Vacuum technology is based on vacuum bag which is the process used in this report. The 
laminate (fibers and resin) are introduced within a vacuum bag before the polymerization. Then, 
the vacuum pump is activated to suppress the porosities (Fig 4). The output of this technique has 
good mechanical properties but it has a bad finishing of the top surface and it has a mid-range 
cost. 

 

Figure 4: Vacuum technology technique [67] 

 

1.2.2.2 Resin Transfer Molding [25] 
Resin transfer molding (RTM) is a similar technique to vacuum technology technique. The 
laminate (fiber and resin) are introduced within a vacuum bag before the polymerization. Then, 
the vacuum pump is activated to suppress the porosities. The difference between the two 
techniques is that the vacuum bag technique is used in case where the fiber and the resin were 
already combined like in the case of prepreg laminates while the RTM technique is used when 
the resin has to be introduced to the dry fibers (Fig. 5). The RTM technique has good 
reproducibility, can be used with complex shapes, has good efficiency and its output has good 
surface finishing. 
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Figure 5: RTM technique [67] 

 

1.2.2.3 Filament Winding Technique [25] 
Filament winding is an automated technique that involves winding filaments under varying 
amount of tension over a mandrel. The mandrel rotates while a carriage moves horizontally 
laying down fibers in the desired angles and patterns (Fig. 6). Individual fibers tows get wetted 
with liquid resin are wound on a mandrel which has the shape of the final structure. It is 
inexpensive technique but it is limited to specific shapes such as reservoirs, large cylinders, 
pressure bottles and rocket motor casing. 

 

Figure 6: Filament winding technique[67] 
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1.3 Advantages of Composite Materials 
Since the lighter weight of the composite is a primer advantage to consider compared to other 
materials, the efficiency in composite materials includes both low weight and low cost in 
addition to high stiffness, high strength, low thermal expansion, corrosion resistance, longer 
fatigue life, optimal design, reduced maintenance, retention of properties at high operating 
temperature, and dimensional stability . Considering the light weight of the composites, it makes 
the removal of the excess fibers, which they do not contribute in carrying the load, feasible. As a 
result, the most efficient composites have most of their fibers oriented in the load direction and 
just enough fibers oriented in the other directions to carry secondary loads and hold the structure 
together [25]. 

One of the most interesting advantages of using the composites in the industry is the corrosion 
resistance. The industry is facing a major difficulty dealing with metals such as pipelines, tanks 
and vessels. The solution of the industrial problem lies in the use of non-metallic or composite 
materials sine they are resistant to corrosion from moisture and other chemicals. Current 
applications includes filament-wound underground storage tanks, structural members for 
offshore drilling platforms and chemical plants, sucker rod used in pumping oil from wells, 
pipes, and domestic applications where saltwater corrosion is a major problem. Composite 
materials can often be often be made to be essentially maintenance free compared with 
traditional engineering materials because of the corrosion resistance of such materials. Reduced 
maintenance can represent substantial savings and should be considered in all total cost 
evaluations. Unfortunately, almost cost decisions are based mainly on the initial capital 
disbursement without regard for the total lifetime cost of maintaining the structure. Corrosion 
resistance results in longer life of a structure and as a result reduced or delayed replacement cost 
[25]. 

Considering the cost of the composite material per pound, they are usually more expensive but if 
we consider the overall cost, including other factors because the cost evaluation is not only 
limited to the price of the material. Such factors include; that for the same application, fewer 
pounds of composite material are required because of the higher specific stiffness and strength. 
Also, the fabrication cost can be lowered for the composite materials in addition to the 
transportation and erection costs for composite structures. Due to their properties, composite 
structures generally last much longer than the traditional materials and require much less 
maintenance during its life. “Composite materials have been shown to be cost competitive in a 
wide variety of aerospace, automotive, industrial, domestic, oil drilling, and electronic 
applications, among others”. [25] 
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Chapter2 
Multi-scale Reinforcement Strategies 
 

2.1 Mechanisms of Failure 
One advantage of composite materials is that fracture seldom occurs catastrophically without 
warning, but tends to be progressive with subcritical damage widely dispersed through the 
material [19]. Tensile loading can produce matrix cracking, fiber bridging (in a viewpoint that 
considers it undesirable), fiber breaking, fiber pullout and fiber/matrix debonding (Fig. 7, 8&9). 
Out-of-plane stresses can lead to delamination because the fibers do not contribute significantly 
to strength in this direction (Fig. 8b). Compressive loading can produce micro-buckling of fibers 
and macroscopic delamination buckling (Fig. 8c&8d) [19]. 

 

Figure 7: Some of the mechanics of degradation: (a) Fiber pull-out [68], (b) Fiber/matrix debonding, (c) Fiber 
breaking 
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2.1.1 Fiber breakage 
It is a failure that occurs more often in the continuous fibers when the load is excessive on the 
diffused matrix-fibers since the fibers cannot stands the applied load like the case which is 
happening in the fiber bridging. It can also be defined at the low scale. This mechanism is mainly 
governed by the statistical distribution of flaws that can be accessed by well-known statistical 
models of failure properties (Fig. 7c). [9] 

2.1.2 Diffused Interlaminar damage 
It is related to microvoids in the matrix of the interlaminar interface. It results in seemingly 
reduced stiffness of the interlaminar interface with no visible macroscopic delamination which is 
generally the result of high-shear loading on the interface [9]. 

2.1.3 Diffused intralaminar damage 
It is induced by both fiber/matrix debonding and small cracks within the matrix. Locally, these 
degradations are distributed homogenously throughout the thickness of the unidirectional ply. A 
significant decrease in stiffness with no visible transverse cracking can occur due to diffused 
intralaminar damage. Diffused intralaminar damage is also partially responsible for the high 
amount of shear-induced plasticity in laminate material due to friction between extensively 
debonded surfaces [9]. 

2.1.4 Transverse cracking 
Transverse cracking is the cracks that grow and spread completely across the thickness of the 
elementary ply (Fig. 9). They initiate and grow relatively early in the case of transverse loading, 
but very late in the case of shear loading [40]. They generally initiate at the edge of the sample 
and then propagate in a stable or unstable way toward the core. [58] 

2.1.5 Delamination 
Delamination is one of the most detrimental damage mechanisms and causes considerable 
problems for structure designers and stress and maintenance engineers. At present, load-bearing 
composite laminates are designed such that the occurrence of delamination is minimized. This 
practice often leads to composite laminates being over-weight, less cost-effective and less 
efficient in terms of performance [19]. It is crucial to improve the delamination resistance of 
polymer matrix composite materials. Multiple reports showed the positive effect of carbon 
nanotube filling on interlaminar fracture toughness and crack propagation resistance of the 
composite materials [11]. Over the years, various solutions such as resin toughening, stitching, 
and z-pinning have been attempting but with limited success. Some of these techniques could 
improve the delamination resistance of the composite laminates to some extent but at the expense 
of substantial reduction of their basic mechanical properties. The recent rise of CNTs provides 
many exciting possibilities for engineering profiteering. One particular area of innovation is to 
introduce CNTs into the composite laminates to enhance their resin-dominated mechanical 
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properties so that their delamination resistance can be substantially improved, while ensuring 
that their reinforcement-dominated mechanical properties do not degrade [8]. 

 

 

Figure 8: Damage and fracture mechanisms in fiber-reinforced composites [19] 

 

 

Figure 9: High resolution micrograph of a transverse crack that runs parallel to the fibers [58] 

(a) In-plane damage (b) Delamination 

(c) Micro-buckling (d) Buckling delamination 
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2.2 Improving the damage resistance of composite materials through nanotechnology 
The development of reinforced nanocomposites is seen as one of the most promising approaches 
in the field of future engineering applications [14]. Various types of nanofillers including carbon 
nanotubes (CNTs), carbon nanocoils (CNCs), carbon nanofibers (CNFs) and nanoclays have 
been tested for their abilities to enhance the mechanical behaviors of polymers by introducing an 
additional reinforcement scale [9]. They have been largely studied in the framework of the nano-
reinforcement of the bulk matrix and less work has been done on multi-scale composites. 
Nanofillers are considered to be an excellent candidate for reinforcing various composite 
materials, owing to their excellent mechanical, thermal, electrical properties (Table 4). They 
have large surface area which makes them very active and helps them to bond with the matrix 
material for fabricating composite materials [9]. 

Table 4: Properties of various carbon nanofillers: CNTs, CNFs and CNCs [9] 

Material Parameter CNT CNF CNC 

Young’s modulus (TPa) 1-1.2 [46,45] 0.5 [44] 0.1 [48] 

Tensile strength (GPa) 11-100 [44,42] 3 [47,49] - 

Strain to failure (%) 10-15 [44] ≈1 [49] - 

Thermal conductivity (W m-1 K-1) 2980 [50] 1900 [47] - 

Electrical conductivity (S cm-1) 1850 [44] ≈1000 [47] 180 [48] 

 

2.2.1 Carbon Nanotubes (CNTs) 
Carbon nanotubes are crystalline carbon materials that have attracted the attention of many 
scientists because of their enormous potential in industrial applications. They may be single or 
multi-walled nanotubes based on the number of the concentric graphitic sheets rolled about the 
tube axis. They were discovered by Iijima in 1991 [10] where they have a diameter of 10-100 nm 
(Fig. 10). CNTs appears to be stiff and strong; estimates of their Young’s modulus range from 1 
to 2 TPa [41-43] and their strength range from 11 to 100 GPa [44,42,43]. These values are ten 
and five times greater than steel respectively, but with only one-sixth the weight of steel. 
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Figure 10: TEM image of carbon nanotubes [69] 

 

It has been proposed that CNTs are potentially ideal filler for CFRP composites as well as neat 
polymers [2,36]. However, in order to achieve the optimum reinforcement for the 
nanocomposites, there are number of parameters effecting the application of CNTs in the 
composites. For multi-scale reinforced composites, many processing and filler parameters exist 
and their individual roles in controlling mechanical properties are not well characterized, yet. 
These parameters include, but not limited to, the CNTs dispersion method, distribution, CNTs 
aspect ratio, and surface functionality. It is challenging to control the dispersion and distribution 
of CNTs in the polymer composites. [5] 

The problem however is to transfer the interesting mechanical properties to the composite. Two 
main issues have to be resolved to effectively improve the material properties of the composite 
by adding CNTs as filler. These issues are the proper dispersion and the interfacial bonding 
between the individual CNTs and the composite material which is done by CNTs 
functionalization. [14] 

 

2.2.1.1 Dispersion of CNTs 
The effective use of CNTs in composite applications depends on the ability to disperse the CNTs 
uniformly throughout the matrix in case of blending the CNTs with the epoxy or on the surface 
in case of spraying, painting, roll coating or electrospinning for ply-based composites without 
reducing their aspect ratio. Due to Van Der Waals attraction, nanotubes are held together as 
bundles and ropes and they tend to remain as entangled agglomerates. To have better dispersion 
and overcome such difficulties, mechanical and physical methods such as high shear mixing, 
surfactant  addition, melt blending and ultrasonication were used where the latter method were 
paid to it more attention recently for dispersing the nanotubes [12]. Polymeric surfactants like 
poly(styrene sulfonate) (PSS) have been reported to effectively disperse CNTs in water. The 
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conductive polymers like PEDOT/PSS can form strong π-π interaction with sp2 hybridized 
carbon on the surface of CNTs, which could easily separate the agglomerated carbon nanofillers 
and improve the dispersion. [22] 

 

2.2.1.2 Functionalization of CNTs 

The load transfer from the laminates (fibers and resin) to individual CNTs is largely dependent 
on CNT orientation, aspect ratio, interfacial shear and tensile strengths which could in turn 
depend on the functionalization of the CNTs up to substantial extent. Chemical functionalization 
provides much stronger CNT-polymer interface and improves the uniformity of dispersion which 
in turn improves the load transfer mechanism. [8] The chemical functionalization of CNTs can 
be a useful tool to improve the dispersion of the CNTs in an epoxy system. Using CNTs as a 
reinforcing component in polymer composites requires the ability to tailor the nature of the CNT 
walls to control the interfacial interactions between the CNTs and the polymer chains which can 
be achieved by the functionalization of CNTs (Fig. 11). [13] 

 

 

Figure 11: Schematic diagram of carbon nanotube (CNT) reinforced epoxy. Strong bonding between 
functionalized carbon nanotubes and epoxy is formed to significantly improve mechanical properties of the 

composites [13] 

 

2.2.2 Carbon Nanofibers (CNFs) 
Carbon nanofibers are described as cylindrical or conical structures made up of very small 
graphite sheets with diameters varying from 10 to 200 nm (Fig. 12). Their tensile strength is 
approximately 3 GPa and their Young’s modulus is around 500 GPa. They do not exhibit the 
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strength of pure CNTs, but they can still be quite strong and possess other useful properties 
required for nanotechnologies [9]. 

 

Figure 12: Carbon nanofibers [70] 

 

2.2.3 Carbon Nanocoils (CNCs) 
Carbon nanocoils have demonstrated their importance in structural applications with their 3D 
helical structures (Fig. 13). Various types of CNCs have been prepared and the smallest coil 
diameter achieved so far is extremely small, that is approximately 12 nm. Their Young’s 
modulus is around 0.1 TPa which is lower than that of CNTs [9]. 

 

Figure 13: Carbon nanocoil [71] 

 

It is well known that carbon nanofillers are used for improving material’s multi-functionality and 
the focus in this work is to evaluate the improvement of the interfacial fracture toughness when 
introducing CNTs by spraying method to the interface surface using mode-I double cantilever 
beam (DCB) testing. 
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2.3 Literature Review 

2.3.1 Nanoreinforcement Review 
In the work by Arai et al [2], the interlaminar fracture toughness for mode I and II deformation 
were investigated for carbon fiber/epoxy laminates toughened by a carbon nanofiber/epoxy 
interlayer. They implemented an alternative way to increase the interlaminar fracture toughness 
of CFRP laminates by inserting a carbon nanofibers interlayer between the CFRP prepreg sheets 
(Fig. 14b). They employed unidirectional CFRP prepreg P3052S-22, and the interlayer was 
produced by using vapor grown carbon fibers (VGCF) and vapor grown carbon nanofibers 
(VGNF).The carbon nanofiber reinforcement was inserted between the prepregs in the middle 
layer of CFRP specimens to an area density between 10-30 g/m2. The carbon nanofibers were 
mixed with a small amount of solvent (ethanol) and then the CNF paste was applied by hand on a 
pair of CFRP prepregs using a metal roller. After evaporating the solvent on the prepreg sheets, 
the two parts of prepregs were bonded together. 

 

Figure 14: (a) CFRP specimen for the double cantilever beam (DCB) test,(b) Optical micrograph of the cross-
section in the CFRP/VGNF laminates [2] 

  

The thickness of the CNF interlayer is of the order of 50 µm in comparison to the thickness of 
their elementary prepreg ply of 190 µm. In order to assess the beneficial action of the interlayer, 
standard DCB and End Notched Flexure (ENF) samples were prepared to quantify the mode I 
(Fig. 14a) and the mode II fracture toughness. The experimental results of DCB test confirms 
that the mode I interlaminar fracture toughness for hybrid laminates is about 50% greater than 
the base CFRP laminates (Fig. 15). Furthermore, the results of mode II fracture toughness test 
confirms that the interlaminar fracture toughness for hybrid laminates is 2-3 times greater than 
base CFRP laminates. The main problem with this experimental method is the non-uniform 
distribution of nanofibers when they are added on the prepreg surface. 

 

(a) (b) 
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Figure 15: Relation between mode I fracture toughness and the increment of crack length for base laminates and 
CFRP/VGCF laminates [2] 

 

The work by Davis et al [3] assessed the ability of fluorine functionalized carbon nanotubes to 
strengthen the mid-plane fabric matrix interface for inhibiting interfacial cracking and 
delamination in a carbon fiber epoxy laminate system. They employed carbon fiber fabric which 
is a four-harness satin weave, an epoxy resin, and fluorine functionalized carbon nanotubes (f-
CNTs) to produce their samples. Specifically, the specimens, which were used in the testing, 
were from 20-ply laminate. They prepared square (200x200mm) laminate panels with thickness 
around 5 mm. A 12 µm thick Teflon film of the width of the panel was placed at one end of one 
of the two 10-ply halves of the laminate (Fig 16a & b). The Teflon film is used to introduce an 
initial edge crack length for each of the specimens to be cut from the laminate. After the two 
halves are stacked into the 20-ply laminate, the Teflon film is at the mid-plane between the plies 
10 and 11 in the ply layup. A solvent spraying method is used to deposit f-CNTs onto both sides 
of each of the four mid-plane carbon fabric pieces (ply laminates 9-12) of the 20-ply laminate 
with different weight percentages (0.0 wt%, 0.3 wt% and 0.5 wt%) of fluorine carbon nanotubes. 
In order to assess the improvement in the mechanical behavior, four-point end notch flexure 
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(4ENF) test for the interlaminar shear fracture toughness was conducted and mode II 
interlaminar fracture toughness was determined. 

 

 

Figure 16: a) Top view specimen geometry b) Specimen loading set-up c) Mode II resistance curves [3] 

 

The results of this study demonstrated that functionalized carbon nanotubes (f-CNTs) can be 
used as reinforcement in the mid-plane of a fiber reinforced epoxy composite laminate to 
increase the interlaminar shear fracture toughness or through-thickness properties (Fig. 16c). 
Compared to the neat case (0.0 wt% CNTs), on the average there is a 27% increase in the 
interlaminar fracture toughness for the 0.5 wt% f-CNTs composite laminate.  

Mujika et al [4] reported the influence on the fracture toughness of epoxy/long carbon fiber 
laminate composites by addition of functionalized MWCNTs using the spraying technique. They 
employed unidirectional carbon fiber (T300)/epoxy resin (F-593) prepregs and MWCNTs to 
make the specimens for testing. Prior to using the MWCNTs for the modification of the 
laminates, they were dispersed in 50 ml of ethanol using a horn-sonicator and the mass of 
MWCNTs used corresponds to 0.1% of the mass of the matrix per laminate layer. Afterwards, 
part of the MWCNTs was functionalized with carboxylic and alcohol groups. The fabrication of 
the modified laminates was carried out by means of a simple manufacturing method: spraying a 
solvent dispersion of nanotubes using an airbrush. It was applied at the central interlaminar plane 
and the solvent was evaporated before the prepregs were piled together. The samples, which 
were used in the investigation, were unmodified laminate, modified laminates with the solvent 
alone, modified laminates with unfunctionalized CNTs and modified laminates with 
functinalized CNTs. The interlaminar fracture toughness was evaluated using mode II End 
Notched Flexure (ENF) test considering “Beam Theory including bending rotation effects” in the 

(c) 
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investigation. They reported that the sample prepared using non-functionalized CNTs did not 
show any appreciable effect on the studied properties compared to the unmodified material 
which is considered as the reference material. An inefficient dispersion and lack of interaction 
with the epoxy matrix were the cause of the observed lack of reinforcement. In case of 
modification with ethanol alone, the results were very similar to those of the reference. They 
concluded that the use of ethanol has no influence on the interlaminar toughness. The results 
regarding the modification with functionalized MWCNTs showed that the inclusion of 0.1 wt% 
functionalized MWCNTs in central interlaminar layer results in an increase of 14% in the 
propagation mode II fracture toughness (Fig. 17). 

 

Figure 17: Propagation fracture toughness compared with reference material [4] 

Garcia et al [61] introduced processing route for a hybrid advanced composite architecture by 
utilizing standard prepreg-based manufacturing combined with aligned CNTs. Their approach 
was to integrate aligned CNTs with existing carbon fiber prepreg material and then processing 
the nanocomposite. They fabricated the laminate by growing a vertically-aligned CNT (VACNT) 
forest at high temperature and then transfer-printing the CNTs to the prepreg material at room 
temperature. CNTs were growing on a Si substrate using thermal chemical vapor decomposition 
(CVD) where the unidirectional prepreg was attached to a cylinder that was rolled across the Si 
substrate which contained the CNT forest to transfer the CNTs to the prepreg. The fracture 
behavior of laminate with and without aligned CNT interlayer were compared using DCB mode I 
testing and four point end notched flexure (4ENF) testing. The results showed that the CNT 
modified interface is observed to increase fracture toughness 1.5-2.5 times in mode I and 3 times 
in mode II compared to the baseline material (Table 5). 
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Table 5: Summery of preliminary mode I and mode II fracture testing [61] 

 

 
Joshi et al [62] assessed the interlaminar fracture toughness of interfacial reinforcement of CFRP 
laminate. They used woven CFRP prepreg for making the specimens and the MWCNTs had 
purity less than 95%. They fabricated the specimens by mixing the MWCNTs with ethanol and 
then sonicated the solution for one hour. Then, they sprayed it on a flatly laid peel cloth where 
the prepreg sheet was placed over the peel cloth after the volatilization of the solvent. Most of 
the CNTs transferred from the peel cloth to the prepreg surface due to rolling pressure that 
applied over the prepreg and the stickiness of the prepreg surface. In the evaluation of the 
interlaminar fracture toughness, they employed DCB and ENF tests according to ASTM D 5528 
and JIS K7086 standards. The results showed that specimen-B is the best optimum percentage of 
CNTs in the interface (with distribution 1.32g/m2 CNTs at the mid-surface after curing), 
indicating improved load-carrying capacity with approximately 26% rise in mode I and 38% in 
mode II above the baseline (Fig. 18). 

 

 

Figure 18: Comparison between fracture energy of: (a) mode I and (b) mode II [62] 
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2.3.2 Spraying Method Review 
Seungchan Cho et al [21] investigated the deposition of MWCNTs on aluminum substrate. 
MWCNT-Cu nanocomposite was cold-spray onto the Al substrate under low pressure at a low 
spray temperature of around 200˚C to reduce structural damage to the MWCNTs during the 
process. In this study, they employed ball milling to mix the Cu powder and MWCNTs to ensure 
strong CNT incorporation in the metal matrix; however, the high mechanical energy involved in 
this process may have caused structural defects and decreased the CNT length. They used 
commercial cold spray facility DYMET403Jfor spraying. They spread the prepared powders 
using air flowing under a low pressure of 0.5-0.6 MPa in an air condition until an ~500 µm thick 
coating was formed. The result indicated that the MWCNT-Cu nanocomposite, having superior 
thermal and mechanical properties, was successfully coated on the Al substrate by using a low-
pressure cold spray process. 

Yoo et al [23] investigated the potential of the enhancement of the electrical and thermal 
conductivities of IM7/977-2 prepregs where SWCNTs were incorporated by a scalable air spray 
method. They started the process with the preparation of a dilute suspension. A bath-type 
sonicator was used for SWCNT dispersion. Ethanol was chosen as the solvent for its non-toxic 
character and rather good dispersion result. They used an airbrush to spray the SWCNTs on the 
prepreg. They sprayed SWCNTs so that each side of the prepreg has the same amount of 
SWCNTs. Spraying is repeated until the pre-measured amount of solution is used up. During air 
spray, the prepreg was placed on a hot plate (70̊C) to promote faster solvent evaporation. They 
laid up the SWCNT-deposited prepreg layers and cured in an autoclave in accordance with the 
manufacturer’s cure cycle where they used the lay-up sequence which was [0/90]S (Fig. 19). 

 

Figure 19: Schematic of lay-up sequence of the SWCNT-sprayed prepregs [23] 

 
They expected that the SWCNTs sprayed on the prepreg surface would penetrate into the 
individual plies during curing. However, there was no indication of SWCNTs dispersed 
throughout the thickness possibly due to the entanglement and little flow of resin through the 
thickness. (Fig.20) shows the SWCNT distribution on cross sections of laminates with 1.0 wt% 
and 2.0 wt%, respectively. In comparison with 1.0-wt% SWCNTs, 2.0-wt% SWCNTs shows 
more presence of SWCNTs in the thickness direction of the composite similar to what had been 
previously reported.  
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Figure 20: SWCNTs on cross-sections of laminates with 1.0-wt% (left) and 2.0-wt% (right) [23] 

 
The work by Davis et al [7] assessed the ability of fluorine functionalized carbon nanotubes to 
improve mechanical properties of tensile strength and stiffness, and resistance to damage and 
failure due to cyclic loadings in a carbon fiber reinforced epoxy composite. They employed 
carbon fiber fabric which is a four-harness satin weave, an epoxy resin, and fluorine 
functionalized carbon nanotubes (f-CNTs) to produce their samples. Specifically, the specimens, 
which were used in the testing, were from 12-ply laminate. They prepared square (200x200mm) 
laminate panels with thickness around 2.5 mm. For the nanocomposite laminates, they used a 
solvent spraying technology to deposit f-CNTs onto both sides of all the carbon fabric square 
pieces in the laminate cross-section. They dispersed the f-CNTs in an organic ethanol solvent 
using a 5 min high shear mix and the solution was further treated for 30 min in a bath 
ultrasonicator. The f-CNT solvent solution was sprayed evenly and equally onto both sides of the 
fabric. The solution eventually evaporated leaving a deposit of CNTs. 12-ply laminates each with 
0.2, 0.3 and 0.5 wt% f-CNTs with respect to the weight of each fabric piece prepared for epoxy 
resin infusion using a heated vacuum assisted resin transfer molding (H-VARTM) method and 
setup. In order to assess the improvement in the tensile strength, stiffness and durability, they 
conducted tensile testing, tension-tension cyclic testing and tension-compression to evaluate their 
improvement. 

The results of this study demonstrated that functionalized carbon nanotubes (f-CNTs) can be 
used to enhance the fiber-matrix interfacial strength and the mechanical toughness of the 
surrounding matrix due to fiber-epoxy-f-CNT interfacial covalent bonding which accounts for 
these improvements in laminate strength (up to +18%) and stiffness (up to +24%). At f-CNT 
reinforcements equal to and greater than 0.3 wt% it is believed a threshold has been reached such 
that the reinforcement is sufficient to provide resistance to the cyclic or fatigue like process in 
this carbon fiber reinforced composite (Fig 21). The f-CNT reinforced nanocomposite laminate 
was expected to be more resistant to buckling and other structural instability modes under 
compression cycling as compared to the neat laminate material (Table 6).  
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Figure 21: (a) R=0.1 T-T cyclic life, max stress vs. cycles to failure data from neat, 0.2, 0.3, and 0.5 wt% f-CNT 
material specimen (b) R=-0.1 T-C cyclic life, max fatigue stress vs. cycles to failure data from neat, 0.2, 0.3, and 

0.5 wt% f-CNT material specimen [7] 

 

Table 6: Loading and life data for f-CNT reinforced carbon fiber fabric epoxy and neat composite laminate [7] 

 
 

 
In the current work, the scope is to extend the assessment of the improvement of the interfacial 
reinforcement of CFRP composites through spraying MWCNTs on the composite sheets. This 
method is more practical and suitable for mass production of reinforced laminated composite 
materials. Also, the testing method which is used in this work is based on DCB mode I testing 
since it is the closest simulation of the delamination failure to assess the interlaminar fracture 
toughness values with minimizing the external factors such as friction where it has a major effect 
on the values of the interlaminar fracture toughness like the case of mode II testing method. 
 
 

(a) (b) 
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CHAPTER 3 
Materials and Methods 
3.1 Materials 
Prepreg or pre-impregnated material is a combination of partially cured resin and fibers together 
in a controllable ratio, and they must be kept refrigerated prior to use to prevent further curing 
(Fig. 22). The partial curing of the resin is called B-Stage curing where the full curing or 
polymerization is mostly commonly done by heat. The fibers which are used in the prepreg can 
be woven or unidirectional fibers in case of continuous fibers or short fibers. The usage of 
prepreg simplifies and speeds composite layup and ensures higher quality material. Fiber and 
matrix quantities are more accurately maintained. Prepreg composites provide more consistent 
mechanical properties and high quality surface finish in addition to the ease of use which 
because of that, the prepreg composites becoming increasingly common in the composite 
industry [65]. 

 

Figure 22: Prepreg composite material [20] 

 

3.1.1 Base line material 
Unidirectional carbon fiber prepreg made up of toughened epoxy resin and unidirectional carbon 
fibers was supplied by Hexcel Composites (HexPly UD/M21/35%/268/T700GC/300mm). The 
resin and fiber densities are 1.28 and 1.80 g/cm3, respectively and the nominal fiber volume is 
56.9%. The properties of the prepreg provided by the manufacturer are given in (Table 7). 
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Table 7: Cured unidirectional prepreg mechanical properties [64] 
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3.1.2 Multiwall carbon nanotubes (MWCNTs) 
 
Commercial functionalized MWCNTs-COOH. These were produced by Catalyzed Chemical 
Vapor Deposition and supplied by CheapTubes. According to the supplier's specifications, purity 
is over 95 wt%, residual ash being less than 1.5 wt%. The raw powder contains 2.56 wt% of 
COOH groups that correspond to one -COOH group for every 146 carbon atoms. In fact, as only 
the surface atoms of carbon nanotubes can connect to -COOH groups, we estimate there is 
roughly one -COOH group for every 10 surface carbon atoms. The Raman spectra of these 
MWCNTs (Figure 23) was obtained within the range of 200 to 3500 cm-1 using a LabRAM HR 
800 Raman spectrometer (Horiba Co.). The D-band, the G-band and the G'-band clearly appear 
respectively at 1350, 1580 and 2710 cm-1. The relative intensity (D/G) between the D and the G 
bands is known to be a good indicator of the quantity of structural defects within the bulk 
sample, the intensity of the D-band increasing largely with the presence of defects, amorphous 
carbon or functional groups in the sidewall. These MWNTs contain multiple structural defects 
due to their functionalization. 
 

 
Figure 23: Raman spectrum of MWCNT 
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3.2 Experimental methods and procedures 
 

3.2.1 Fracture Mechanics [19] 
Fracture mechanics has become very popular tool for the characterization of adhesive joints in 
recent years. Fracture mechanics tests are routinely conducted by industry during materials 
development and have also found extensive application in fatigue and durability studies over the 
past 20 years. More recently, the fracture mechanics measures the mode I adhesive fracture 
energy GIC of adhesive joints. 

3.2.1.1 Recall on LEFM 
There are two alternative approaches to fracture analysis; the energy criterion and the stress 
intensity factor. These two approaches are equivalent in certain circumstances. 

The Energy Criterion states that the crack extension occurs when the energy available for crack 
growth is sufficient to overcome the resistance of the material. At the moment of the fracture, 
G=Gc the critical energy release rate which is a measure of fracture toughness. This approach is 
more developed by introducing the energy release rate G which is the rate of change in potential 
energy with crack area for a linear elastic material.  

𝑮𝑮 = 𝑃𝑃2

2𝑏𝑏
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

           (1) 

The Stress Intensity Approach K completely characterizes the crack tip conditions in a linear 
elastic material.  

𝑲𝑲 = 𝜎𝜎√𝜋𝜋𝜕𝜕          (2) 

Where the value of K is dependent on the mode of failure; KI, KII, KIII are the stress intensity 
factors for Mode I, Mode II and Mode III failure (Fig. 24). KIC is the critical intensity factor 
where failure occurs and an alternate measure of fracture toughness. 
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Figure 24: Three modes of loading that can be applied to a crack [19] 

 

The energy release rate G describes global behavior while K is a local parameter. For linear 
elastic materials, K and G are uniquely related. 

𝑮𝑮 = 𝑲𝑲𝑰𝑰2

𝐸𝐸
           (3) 

Where𝑪𝑪 = ∆
𝑃𝑃
 is the compliance which can be calculated theoretically. For example, by using the 

beam theory method, in addition to other two methods which will be discussed later, the 
compliance value can be determined for the DCB specimen (Fig. 25): 

From beam theory  ∆
2

= 𝑃𝑃 𝜕𝜕3

3 𝐸𝐸 𝐼𝐼
  where  𝐼𝐼 = 𝐵𝐵 ℎ3

12
 

Then the compliance will be 𝑪𝑪 = ∆
𝑃𝑃

= 2 𝜕𝜕3

3 𝐸𝐸 𝐼𝐼
 

and by substituting C in Eqn. (1), the energy release rate for a double cantilever beam is:  

𝑮𝑮 =
𝑃𝑃2𝜕𝜕2

𝐵𝐵 𝐸𝐸 𝐼𝐼
=

12 𝑃𝑃2𝜕𝜕2

𝐵𝐵2ℎ3 𝐸𝐸
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Figure 25: Double Cantilever Beam (DCB) specimen [19] 

 

3.2.1.2 R Curve and Crack Stability 
R is the material resistance to crack extension. A plot of R versus crack extension is called a 
resistance curve or R-curve. Ideally, the R-curve as well as other measures of fracture toughness 
should be a property only of the material and not depend on the size or shape of the cracked 
body. 

The first case, (Fig. 26a) shows a flat R curve which is for brittle material because of the surface 
energy is an invariant material property. When the stress 𝜎𝜎 = 𝜎𝜎1, the crack is stable. Fracture 
occurs when the stress reaches 𝜎𝜎2 , the crack propagation is unstable because the driving force 
increases with crack growth , but the material resistance remains constant. 
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Figure 26: Schematic driving force/R curve diagrams [19] 

 

The second case, (Fig. 26b) illustrates a material with a rising R curve. Such a behavior is for 
nonlinear material and the R curve can take on a variety of shapes. For example, ductile fracture 
in metals usually results in rising R curve where a plastic zone at the tip of the crack increases in 
size as the crack grows. The crack grows a small amount when the stress reaches 𝜎𝜎2 , but cannot 
grow further  unless the stress increases. Stable crack growth continues as the stress increases to 
𝜎𝜎3 . When the stress reaches to 𝜎𝜎4 , the driving force curve is tangent to the R curve and the 
crack will be unstable with further crack growth. As a result, stable crack growth will be satisfied 
if 

𝑑𝑑𝑑𝑑
𝑑𝑑𝜕𝜕
≤ 𝑑𝑑𝑑𝑑

𝑑𝑑𝜕𝜕
           (4) 

Where unstable crack growth occurs when 

𝑑𝑑𝑑𝑑
𝑑𝑑𝜕𝜕

> 𝑑𝑑𝑑𝑑
𝑑𝑑𝜕𝜕

           (5) 

According to Eqs. (4) and (5), The stability of crack growth depends on the rate of change in G. 
Although the driving force G is the same for both load control and displacement control, the rate 
of change of the driving force curve depends on how the structure is loaded.  

Displacement control tends to be more stable than load control. With some configuration, the 
driving force actually decreases with crack growth in displacement control unlike load control as 
shown in (Fig. 27). 
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Figure 27: Schematic driving force/R curve diagram which compares load control and displacement control 
[19] 

 

3.2.1.3 Fracture in Composite Materials 
The interlaminar fracture toughness which is usually characterized by a critical energy release 
rate, since it is a global property, is related to the fracture toughness of the matrix material. In 
this work, the study will include only the delamination due to Mode I loading. There are two data 
reduction methods that have been used for calculating GIc values in this study as per D5528 
ASTM standard [18]. 

3.2.2 Modified Beam Theory (MBT) method 
The beam theory expression for the strain energy release rate of a perfectly built-in double 
cantilever beam is as follows: 

𝑮𝑮𝑰𝑰 = 3 𝑃𝑃𝑃𝑃
2 𝑏𝑏  𝜕𝜕

           (6) 

Where P is the load, δ is the load point displacement, b is the specimen width and a is the 
delamination length. In practice, this expression will overestimate GI because the beam is not 
perfectly build-in where rotation may occur at the delamination front. One way of correcting for 
this rotation is to treat the DCB as if it contained a slightly longer delamination 𝜕𝜕 +  |∆| where ∆ 
may be determined experimentally by generating a least squares plot of the cube root of 
compliance, 𝑪𝑪1/3 as a function of delamination length (Fig. 28). The Mode I interlaminar 
fracture toughness will be: 

 𝑮𝑮𝑰𝑰 = 3 𝑃𝑃 𝑃𝑃
2𝑏𝑏  (𝜕𝜕+|∆|)

                                           (7) 
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Figure 28: Modified Beam Theory 

 

3.2.3 Modified Compliance Calibration (MCC) method 
Generate a least squares plot of the delamination length normalized by specimen thickness (a/h) 
as a function of the cube root of compliance 𝑪𝑪1/3 , as shown in (Fig. 29). Using the visually 
observed delamination onset values and all the propagation values, the slope of this line is A1. 
The Mode I interlaminar fracture toughness will be:  

𝑑𝑑𝐼𝐼 = 3 𝑃𝑃2𝜕𝜕
2
3

2 𝐴𝐴1𝑏𝑏  ℎ
           (8) 

 

 

Figure 29: Modified Compliance Calibration 

 

Because GIc values determined by the previous three different data reduction methods differed 
by no more than 3.1%, none of the three were superior to the others. However, the MBT method 
yielded the most conservative values of GIc  for 80% of the specimens tested. Hence, the MBT 
data reduction method is recommended. 
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CHAPTER 4 
Sample Fabrication and Experimental Testing 
 

4.1 Specimens Fabrication 

4.1.1 Neat Prepreg Laminate 
16 Unidirectional reinforced composite prepreg sheets were cut from a frozen roller (-18⁰C) in 
300x300 mm (Fig. 30). The process for making the laminate as follows: 

 

Figure 30: Prepreg roller and prepreg sheets 

1. Prepare the mold with an anti-stick agent or with Teflon sheet (Fig. 31) which is used for 
the fabrication of the laminates 
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Figure 31: The mold covered with Teflon film as an anti-stick 

 

2. Apply the flash tape on the boundaries of the mold and the sealant tape on top of the flash 
tape (Fig. 32). 

 

Figure 32: The sealant tape is on the top of the yellow flash tape 

3. Start the stacking of 8 prepreg sheets in 0⁰-degree direction (Fig. 33). 
 
 
 
 
 

Sealant Tape 

Yellow flash Tape 

The mold 

Teflon sheet 
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Figure 33: The stacking of the prepreg sheets 

4. An aluminum film (300x80 mm) with 15 µm thickness was coated with an anti-stick 
(TR-920 Multi-Pull Liquid Semi-Permanent Release) from both sides and subsequently it 
was put in oven (100⁰C) for 15 minutes and the process was repeated 4 times. The film 
was used as a delamination or crack initiator insert in the center plane (between the 8th 
and 9th plies) (Fig. 34). The non-adhesive aluminum film acted as a crack initiator and 
put on one of the two laminates1

 
.  

 

Figure 34: Putting AL film on the 8th ply after coating it with the anti-stick 

                                                           
1Comparing the thickness value of the crack initiator with the given value in ASTM D5528 standard, it has been 
seen that the current value is greater than what is given in the standard but the scope of this work is the investigation 
of the propagation of the interlaminar fracture toughness not the crack initiation. This difference in values will not 
affect the interlaminar fracture toughness G. 

Anti-stick AL film 

8 prepreg plies 
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5. The rest of the plies were stacked in the same orientation 0⁰-degree direction (Fig. 35) to 
obtain the complete laminate. 

 

Figure 35: 16-ply 0-degree prepreg laminate 

6. A composite ply consisting of a peel ply and a breather was covering the laminate for 
processing which allows the trapped air to come out of the stack (Fig.36). 

 

Figure 36: The peel ply and the breather covering the prepreg laminate 

7. The whole stack is hermetically closed using the sealant tape and the plastic bag except 
for an opening where a vacuum plug is connected to the vacuum pump through a pipe 
(Fig. 37). 

Peel ply + breather ply 
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Figure 37: The mold after installing the vacuum plug 

 

4.1.2 MWCNTs reinforced Prepreg Laminate 
16 Unidirectional reinforced composite prepreg sheets were cut from a frozen roller (-18⁰C) in 
300x300 mm (Fig. 30). The process for making the laminate is the same as for the neat laminate 
but the difference is in spraying MWCNTs on the facing surfaces of the 8th and 9th plies. The 
spraying process and making the reinforced prepreg laminate will be discussed in the next 
section. 

 

4.2 Spraying Experimental Procedure 
 
Safety: The safety standards are maintained in the application of the CNT spraying process; 
including wearing the appropriate gear, lab coat, mask, goggles, and gloves. Also, notify any 
personnel in the lab at the implementation time of the spraying process. 
 
CNTs solution: MWCNT and ethanol is used to maintain the good dispersion of MWCNTs of 
0.5 wt% of a 300x300 sheet of prepreg, which is 37g, using the ultrasonicator. 185 ml of ethanol 
was mixed with 0.1 g of MWCNT for each surface (Fig. 38). The sonication process was running 
for 2 hours where the set temperature was 40⁰C and the cycles were 50 seconds the sonication is 
on and the next 20 seconds the sonication is off (Fig. 39). 
 

Vacuum plug 
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Figure 38: 370 ml of ethanol mixed with 0.2 g of MWCNTs for 2 surfaces 

 
 

 
Figure 39: The mix of the ethanol and MWCNTs in the ultrasonicator 

 
 
Spraying Machine: Airbrush (LIENCO) model CD-601 with a maximum pressure of 68 psi and 
flow rate 16 Lpm where the velocity was maintained in the range of no deformation of 
MWCNTs. 
 
Environment: It should be kept clean. 
 
Spraying Process Steps: (Fig. 40)two important parameters need to be considered, which are 
mass balance and standard error. In order to maintain the mass balance throughout the laminate 
surface, the following steps were done: 

• Dividing A3 paper with rows and columns of the same size (Fig.42). 
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• Placing the 8th and 9th prepreg laminates in the middle where the rows and columns can 
be followed on the prepreg when applying the spraying action (Fig. 40). 

 

 
Figure 40: The 8th and 9th prepreg sheets in the process of spraying 

 
• After spraying is done, the laminates were put in the oven at 85̊ C for 1 hour to allow the 

ethanol to evaporate leaving the MWCNT on the laminates well-dispersed. 
• Non-adhesive aluminum film with 15 µm thickness as a crack initiator is put on one of 

the two laminates (Fig. 41).  
 

 
Figure 41: The installation of the AL film on the sprayed prepreg sheet with MWCNTs 

 
• After making sure the total vaporization of the ethanol, the 8th and 9th laminates were 

stacked face to face and some pressure was applied diagonally before removing the white 
cover. 

• Stacking the rest of the laminate was equally on each side of the 8th and 9th laminates. 
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Figure 42: Spraying procedure when applying the MWCNT 

 

 

4.3 Processing the Laminate 
After the fabrication of the laminates and the spraying process, the mold was put in Pinette 
hydraulic hot press machine (Fig. 43&44). 

 

 

Figure 43: Pinette Emidecau Industries hydraulic hot press machine 

Upper and lower 
hydraulic press 

Control 
panel 

Hydraulic 
press 
door 

The mold 
stand 
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Figure 44: Putting the mold in hot press machine and applying the vacuum before start processing the laminate 

The processing of the laminate as follows (Fig. 45): 

• Applying full vacuum to the laminate (1 bar). 
• Applying 7 bar gauge pressure using the press. 
• Setting heat-up rate from room temperature to 180⁰C to achieve an actual laminate heat-

up rate 2⁰C/minute. 
• Holding at 180⁰C for 120 minutes. 
• Cooling the laminate at an actual cool down rate of 2⁰C/minute. 
• Venting the hydraulic press pressure when the laminate reaches 60⁰C. 
• Venting the vacuum which is applied to the laminate by the vacuum pump. 

 

Figure 45: Process cycle of the laminate processing [74] 
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4.4 Sampling and specimens cutting 
After processing the laminate, the specimens were cut using water jet cutting. The specimens 
were cut with length of 250 mm and nominally 20 mm wide. The thickness of the specimen is 
4.0 mm where the block’s dimensions are 20x20x10 mm which is made of aluminum.  

 

4.5 Bonding the loading blocks 
The specimens were prepared for bonding the loading blocks to them (Fig. 46) using hardener-
and-resin commercial glue. The hardener and the resin were mixed and applied to the specimens 
and to the loading blocks. Nippers were used to ensure the adhesion of the loading blocks to the 
specimens.  

 

Figure 46: Preparation of the specimens and the loading blocks before putting the adhesion 

 

 

4.6 Testing procedure 

4.6.1 Interlaminar Fracture Toughness Testing 
Mode I interlaminar fracture toughness tests were conducted using Double cantilever beam 
(DCB) testing method which describes the determination of the opening Mode I interlaminar 
fracture toughness GIc of continuous fiber-reinforced composite materials. The DCB specimens 
as shown in (Fig. 47) consists of a rectangular uniform thickness, unidirectional laminated 
composite specimen containing a non-adhesive insert on the mid-plane that serves as a 
delamination initiator. Opening forces are applied to the DCB specimen by means of piano 
hinges (Fig. 48) or loading blocks, which is used in this work, (Fig. 47) bonded to one end of the 
specimen. The ends of the DCB are opened by controlling either the opening displacement or the 
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crosshead movement, while the load and delamination length are recorded. The Mode I 
interlaminar fracture toughness is calculated using a modified beam theory and modified 
compliance calibration method. The significance of this test is to develop delamination failure 
criteria for composite damage tolerance and durability analyses. 

 

Figure 47: DCB specimen with loading blocks 

 

Figure 48: DCB specimen with piano hinges 
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In order to assess the effect of the modification of the laminates on the interlaminar fracture 
toughness, mode I interlaminar fracture toughness test was conducted using double cantilever 
beam (DCB) specimens prepared according to ASTM standard D5528-01 [18]. Three repetitions 
of the DCB test were conducted for both the neat prepreg samples and the MWCNTs reinforced 
prepreg samples. The DCB test setup is shown in (Fig. 50). The length, width, and thickness of 
the DCB specimens were approximately 250x20x4 mm. The initial crack length of the DCB 
specimen was 40 mm. The DCB specimens were loaded through loading blocks. The testing 
machine that was used for DCB testing is Instron Machine 5882 (Fig. 49). 

 

Figure 49: Instron testing machine in COHMAS lab 

Delamination growth may proceed in one of two ways: 

1. Slow stable extension: where this type is of interest in this scope of study. 
2. Run-Arrest extension: in which the delamination front jumps ahead abruptly. 

Rapid delamination growth may introduce dynamic effects in both the test specimen and in the 
fracture morphology which is beyond the scope of this test method. One way to prevent such an 
unstable crack growth is by loading and unloading the specimen during the test to induces a 
natural Mode I precrack in the DCB specimen. 

The test was performed with displacement control where the constant crosshead was 1 mm/min. 
In order to have a stable crack opening the load applied to the specimens was cyclic loading. The 
load was increasing for each 1 mm of crack opening displacement and then unloads 50% of that 
displacement. 

Control 
display 

Control 
panel 

Load cell 

Loading 
arms 
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The experimental setup includes Canon EOS-1Ds Mark III digital camera, LED light, and the 
support of the specimen where the specimen is attached to the upper and lower loading grips by 
the grips’ pins. 

 

Figure 50: Experimental setup 

 

4.6.2 Optical observation 
For this test, the Canon digital camera was used which provides a 24 Mpix image on a full frame 
sensor. Noise has been contained by using native ISO of the sensor (200 ISO) and powerful LED 
lighting to increase the speed. The pictures have been taken with a sigma 180 mm macro lens at 
aperture 8F which provides low aberrations and high image quality. 

4.6.3 Optical images evaluation 
The shots were taken at the local loading peak of each cycle and at the start of the unloading of 
the same cycle. The image analysis is done using Vic-2D software where the crack extension of 
each cycle can be calculated by the number of the pixels between the start and the end of the 
crack extension for the shots were taken for the same cycle (Fig. 51&52) 
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Figure 51: The two shots of a cycle at the local loading peak and the start of unloading 

Figure 52: Digital camera shots during full crack extension 
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CHAPTER 5 
Results and Discussion 
5.1 Correction Factors 
Using the loading blocks will induce errors in the resulted data. Hence, the corrections for large 
displacement and end block correction was taken into account to reduce such effects sufficiently. 

Large displacement effects were corrected by the inclusion of a parameter F in the calculation of 
GI: 

𝑭𝑭 = 1 −
3

10
�
𝑃𝑃
𝜕𝜕
�

2

−
3
2
�
𝑃𝑃 𝑡𝑡
𝜕𝜕2 � 

 

 

Figure 53: Methods for introducing opening load to DCB end block specimen 

 

The parameter F accounts for both the shortening of the moment arm as well as tilting of the end 
blocks (Fig. 53).  

For specimens with loading blocks, the distance from the end of the insert to the load line shall 
be at least 50 mm for the influence of the blocks to be neglected which is not the case in this 
scope, a second parameter N, a displacement correction, also was included to account for the 
stiffening of the specimen by the blocks 

𝑵𝑵 = 1 − �𝐿𝐿
′

𝜕𝜕
�

3
− 9

8
�1 − �𝐿𝐿

′

𝜕𝜕
�

2
� �𝑃𝑃  𝑡𝑡

𝜕𝜕2� −
9

35
�𝑃𝑃
𝜕𝜕
�

2
      (12) 
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These corrections were applied to MBT and MCC by correcting the compliance C/N and plotting 
the corrected compliance versus crack length for determining ∆ and A1 and then multiplying G 
by F/N and then getting the corrected value of G. 

5.2 Load-Displacement Data 
Looking at (Fig. 54), the blue curves are the neat prepreg specimens’ load-displacement 
diagrams where the black curves are the MWCNTs reinforced prepreg specimens’ load 
displacement diagrams. 

 

Figure 54: Load-Displacement plotting of DCB mode I testing (Blue: Neat prepreg specimens, Black: MWCNTs 
reinforced prepreg specimens) 

 

Comparing the two sets of curves, it is already possible to appreciate an improved mechanical 
response in the post-peak region. Notice that the post-peak mechanical response is somehow 
related, through standard fracture mechanics arguments, to the fracture toughness of the 
interface. It is therefore expected that the MWCNTs reinforced samples have enhanced the 
interlaminar fracture toughness. This enhancement is quantified in the next section. 
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5.1 Determination of fracture toughness 

The resulting fracture toughness was determined by means of the procedures and 
recommendation of the ASTM standard that have been discussed in the previous chapters and in 
the appendix. Specifically, in order to determine the interlaminar fracture toughness the MBT 
and MCC methods were employed. All the details concerning the application of these methods to 
the present results are discussed in detail in the Appendix A. (Figure 55 summarizes the 
obtained results). 

 

 

Figure 55: Bar-diagram of averaged-value of interlaminar fracture toughness 

From the data which is calculated in Appendix A, the interlaminar fracture toughness values for 
the neat prepreg specimens (no reinforcement) are calculated by the average (Table 8): 

Table 8: Interlaminar fracture toughness values of the neat prepreg specimens 

 G (J/m2) using MBT Method G (J/m2) using MCC Method 

Neat Sample 1 315 321 
Neat Sample 2 374 383 
Neat Sample 3 422 331 

Average value of G 338 345 
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The values of the interlaminar fracture toughness for the MWCNTs reinforced laminate (Table 
9): 

Table 9: Interlaminar fracture toughness values of MWCNTs reinforced prepreg specimens 

 G (J/m2) using MBT Method G (J/m2) using MCC Method 

Reinforced Sample 1 403 410 
Reinforced Sample 2 422 430 
Reinforced Sample 3 367 374 
Average value of G 397 405 

 

Comparing the neat and the MWCNTs reinforced prepreg-based laminate composite using MBT, 
The summary of the data (Fig. 55): 

The percentage of improvement has been calculated as follows: 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡 =  
𝑑𝑑𝜕𝜕𝐶𝐶𝐶𝐶 − 𝑑𝑑𝐶𝐶𝐸𝐸𝐴𝐴𝐶𝐶

𝑑𝑑𝐶𝐶𝐸𝐸𝐴𝐴𝐶𝐶
× 100 

The interlaminar fracture toughness improvement is around 17% 

 

5.3 Microscopy 
 

5.3.1 Cross-sectional view 
For studying the cross sectional view (Fig. 56), SEM images were taking for evaluating the 
width of the MWCNTs layer thickness in the interface where they are sprayed. The MWCNTs 
layer width was in the range between 6-10 µm which is in the size of a single carbon fiber (Fig. 
57-60). 
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Figure 56: Cross-sectional view of the MWCNTs reinforced sample of prepreg 

 

Figure 57: SEM image of cross-sectional view with 12000x mag 
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Figure 58: SEM image showing the distribution range of MWCNTs 

 

Figure 59: SEM image of cross-sectional view with 50000x mag 

Distribution range 
of MWCNTs 
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Figure 60: SEM image of cross-sectional view showing the MWCNTs 

5.3.2 Interfacial fracture surface morphology 
The interfacial fracture surfaces of both the neat prepreg samples and the MWCNTs reinforced 
prepreg samples were examined using scanning electron microscopy (SEM). It can be seen that 
the reinforcement effect on the fracture surfaces morphology (Fig. 61-64). 

 

Figure 61: SEM image of the fracture surface (a) Neat sample (b) Reinforced sample 

(a) (b) 

MWCNTs 
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Figure 62: SEM image of the fracture surface (a) Neat sample (b) Reinforced sample, at 50000x mag. 

 

Figure 63: SEM image of the fracture surface (a) Neat sample (b) Reinforced sample at 100,000x mag. 

 

(a) (b) 

(a) (b) 
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Figure 64: SEM image of the fracture surface (a) Neat sample (b) Reinforced sample at 200,000x mag. 

 

The fracture surface of the neat prepreg sample is smoother than the MWCNTs reinforced one. 
As the magnification increases, the presence of the MWCNTs at the fracture surface can be seen 
clearer. The fracture surfaces of the MWCNTs reinforced prepreg samples are also shown in Fig. 
65 and 66. These SEM pictures reveal that the improved fracture toughness is related to the 
ability of the nano-reinforcement to spread the damage through crack bridging, i.e. CNTs pull-
out and peeling. 

 

Figure 65: SEM image of the fracture surface of the MWCNTs reinforced prepreg samples showing the effect of 
the MWCNTs on the fracture surface morphology 

(a) (b) 
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Figure 66: SEM image of the fracture surface of the MWCNTs reinforced prepreg samples showing the effect of 
the MWCNTs on the fracture surface morphology 
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Summary and Conclusion 
This study demonstrated that functionalized MWCNTs can be used as reinforcement in the mid-
plane of a carbon fiber reinforced prepreg composite to increase the interlaminar fracture 
toughness. The MWCNTs were applied to the mid-plane using spraying method that deposited 
MWCNTs on the facing surfaces of the 8th and 9th prepreg plies in the 16-ply layup. Double 
cantilever beam (DCB) specimens from the neat prepregs and 0.5 wt.%  reinforced mid-plane 
were prepared and tested in order to determine the mode I energy release rate GIC using modified 
beam theory method (MBT) and modified compliance calibration method (MCC). Since loading 
blocks were used for the mode I DCB testing, the correction factors for fracture energy 
calculations were included; these last account for the large displacement effects, the shortening 
of the moment arm, tilting effect of the end blocks and for stiffening of the specimen induced by 
the blocks. The results of this work have shown that functionalized MWCNTs can enhance the 
interlaminar fracture toughness; indeed, compared to the neat case, an average increase around 
17% was observed. The SEM analysis revealed that the improved fracture toughness was related 
to the ability of the nano-reinforcement to spread the damage through crack bridging, i.e. CNTs 
pull-out and peeling. 
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APPENDICES 
Appendix A 

Neat Sample 1 (DCB_NEAT_11): 
B (m) h (m) P (N) δ (m) No. of 

Pixels 
Crack 

Extension 
a (m) I (m4) C (m/N) 

0.01975 0.00391 58.16 0.003 351 0.00501 0.03501 1.23E-11 5.16E-05 
0.01975 0.00391 53.23 0.004 433 0.00618 0.04119 1.23E-11 7.51E-05 
0.01975 0.00391 53.85 0.005 367 0.00524 0.04642 1.23E-11 9.29E-05 
0.01975 0.00391 45.21 0.006 360 0.00514 0.05156 1.23E-11 1.33E-04 
0.01975 0.00391 42.82 0.007 385 0.00549 0.05706 1.23E-11 1.63E-04 
0.01975 0.00391 40.01 0.008 380 0.00542 0.06248 1.23E-11 2.00E-04 
0.01975 0.00391 35.92 0.009 365 0.00521 0.06769 1.23E-11 2.51E-04 
0.01975 0.00391 33.49 0.01 385 0.00549 0.07318 1.23E-11 2.99E-04 
0.01975 0.00391 32.45 0.011 278 0.00397 0.07715 1.23E-11 3.39E-04 
0.01975 0.00391 30.28 0.012 201 0.00287 0.08002 1.23E-11 3.96E-04 
0.01975 0.00391 29.65 0.013 224 0.00320 0.08321 1.23E-11 4.38E-04 
0.01975 0.00391 27.61 0.014 211 0.00301 0.08622 1.23E-11 5.07E-04 
 

 

C(1/3) a/h ∆ A1 a+∆ E (Pa) G (J/m2) MBT G (J/m2) MCC 

0.03722 8.95366 0.0105 315.300 0.04552 1.48E+11 291.125 288.760 
0.04220 10.53395 0.0105 315.300 0.05170 1.48E+11 312.802 310.841 
0.04528 11.87336 0.0105 315.300 0.05693 1.48E+11 359.171 366.312 
0.05101 13.18723 0.0105 315.300 0.06207 1.48E+11 331.905 327.620 
0.05468 14.59234 0.0105 315.300 0.06757 1.48E+11 336.930 337.716 
0.05848 15.97920 0.0105 315.300 0.07299 1.48E+11 333.064 337.216 
0.06304 17.31132 0.0105 315.300 0.07820 1.48E+11 313.987 315.913 
0.06684 18.71643 0.0105 315.300 0.08369 1.48E+11 303.920 308.681 
0.06973 19.73103 0.0105 315.300 0.08766 1.48E+11 309.270 315.383 
0.07345 20.46461 0.0105 315.300 0.09053 1.48E+11 304.849 304.756 
0.07597 21.28212 0.0105 315.300 0.09372 1.48E+11 312.353 312.573 
0.07974 22.05220 0.0105 315.300 0.09673 1.48E+11 303.486 298.628 

      317.739 318.700 
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h/4 (m) t (m) L´ (m) F N C/N (C/N)(1/3) 

0.000978 0.005628 0.01 0.9886 0.96435 5.35E-05 0.03768 
0.000978 0.005628 0.01 0.9883 0.974066 7.71E-05 0.04257 
0.000978 0.005628 0.01 0.9878 0.978983 9.48E-05 0.04560 
0.000978 0.005628 0.01 0.9875 0.982437 1.35E-04 0.05131 
0.000978 0.005628 0.01 0.9874 0.985292 1.66E-04 0.05495 
0.000978 0.005628 0.01 0.9874 0.987473 2.02E-04 0.05872 
0.000978 0.005628 0.01 0.9873 0.989157 2.53E-04 0.06327 
0.000978 0.005628 0.01 0.9874 0.990649 3.01E-04 0.06705 
0.000978 0.005628 0.01 0.9870 0.991546 3.42E-04 0.06992 
0.000978 0.005628 0.01 0.9862 0.992151 3.99E-04 0.07365 
0.000978 0.005628 0.01 0.9856 0.992826 4.42E-04 0.07615 
0.000978 0.005628 0.01 0.9850 0.993458 5.10E-04 0.07992 

 

 

∆ corrected A1corrected a+∆ corrected F/N G (J/m2)corrected MBT G (J/m2)corrected MCC 

0.0113 317.14 0.04631 1.025161 293.358 301.517 
0.0113 317.14 0.05249 1.014638 312.602 319.103 
0.0113 317.14 0.05772 1.009023 357.452 372.714 
0.0113 317.14 0.06286 1.005124 329.413 331.278 
0.0113 317.14 0.06836 1.002157 333.755 339.821 
0.0113 317.14 0.07378 0.999918 329.470 338.061 
0.0113 317.14 0.07899 0.99815 310.271 315.786 
0.0113 317.14 0.08448 0.996713 300.088 307.803 
0.0113 317.14 0.08845 0.995383 305.093 313.877 
0.0113 317.14 0.09132 0.994023 300.406 302.763 
0.0113 317.14 0.09451 0.992756 307.498 309.993 
0.0113 317.14 0.09752 0.991513 298.473 295.667 

   GIC= 314.824 320.699 
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Figure 67: MBT of neat sample 1 

 

Figure 68: MCC of neat sample 1 
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Neat Sample 2 (DCB_NEAT_14): 

B (m) h (m) P (N) δ (m) No. of 
Pixels 

Crack 
Extension 

a (m) I (m4) C (m/N) 

0.01978 0.00393 63.14 0.003 364 0.00507 0.03507 1.25E-11 4.75E-05 
0.01978 0.00393 58.78 0.004 342 0.00477 0.03984 1.25E-11 6.81E-05 
0.01978 0.00393 56.4 0.005 369 0.00514 0.04498 1.25E-11 8.87E-05 
0.01978 0.00393 52.85 0.006 376 0.00524 0.05022 1.25E-11 1.14E-04 
0.01978 0.00393 47.38 0.007 382 0.00532 0.05555 1.25E-11 1.48E-04 
0.01978 0.00393 45.72 0.008 381 0.00531 0.06085 1.25E-11 1.75E-04 
0.01978 0.00393 42.22 0.009 375 0.00523 0.06608 1.25E-11 2.13E-04 
0.01978 0.00393 37.28 0.011 386 0.00538 0.07146 1.25E-11 2.95E-04 
0.01978 0.00393 35.47 0.012 376 0.00524 0.07670 1.25E-11 3.38E-04 
0.01978 0.00393 31.8 0.014 409 0.00570 0.08240 1.25E-11 4.40E-04 

 

 

C(1/3) a/h ∆ A1 a+∆ E (Pa) G (J/m2) MBT G (J/m2) MCC 

0.03622 8.92437 0.0093 310.870 0.04440 1.48E+11 323.505 324.624 
0.04083 10.13713 0.0093 310.870 0.04917 1.48E+11 362.630 357.470 
0.04459 11.44564 0.0093 310.870 0.05431 1.48E+11 393.752 392.566 
0.04842 12.77898 0.0093 310.870 0.05955 1.48E+11 403.803 406.494 
0.05286 14.13359 0.0093 310.870 0.06488 1.48E+11 387.687 389.421 
0.05593 15.48465 0.0093 310.870 0.07018 1.48E+11 395.202 405.909 
0.05974 16.81444 0.0093 310.870 0.07541 1.48E+11 382.114 394.833 
0.06657 18.18323 0.0093 310.870 0.08079 1.48E+11 384.924 382.346 
0.06968 19.51657 0.0093 310.870 0.08603 1.48E+11 375.195 379.166 
0.07607 20.96692 0.0093 310.870 0.09173 1.48E+11 368.052 363.258 

      377.686 379.609 
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h/4 (m) t (m) L´ (m) F N C/N (C/N)(1/3) 

0.000983 0.005533 0.01 0.9888 0.9648 4.92E-05 0.03665 
0.000983 0.005533 0.01 0.9877 0.9721 7.00E-05 0.04121 
0.000983 0.005533 0.01 0.9872 0.9776 9.07E-05 0.04493 
0.000983 0.005533 0.01 0.9869 0.9816 1.16E-04 0.04872 
0.000983 0.005533 0.01 0.9869 0.9846 1.50E-04 0.05314 
0.000983 0.005533 0.01 0.9868 0.9869 1.77E-04 0.05618 
0.000983 0.005533 0.01 0.9868 0.9888 2.16E-04 0.05996 
0.000983 0.005533 0.01 0.9849 0.9902 2.98E-04 0.06679 
0.000983 0.005533 0.01 0.9851 0.9916 3.41E-04 0.06988 
0.000983 0.005533 0.01 0.9837 0.9930 4.43E-04 0.07625 

 

 

∆ corrected A1corrected a+∆ corrected F/N G (J/m2)corrected MBT G (J/m2)corrected MCC 

0.0101 312.8 0.045173 1.024931 325.918 338.669 
0.0101 312.8 0.049939 1.016049 362.769 367.845 
0.0101 312.8 0.055081 1.00983 392.065 399.983 
0.0101 312.8 0.060321 1.005489 400.836 411.276 
0.0101 312.8 0.065645 1.002318 384.027 391.954 
0.0101 312.8 0.070955 0.999922 390.883 406.928 
0.0101 312.8 0.076181 0.998041 377.510 394.588 
0.0101 312.8 0.08156 0.994686 379.264 380.456 
0.0101 312.8 0.0868 0.99348 369.442 376.482 
0.0101 312.8 0.0925 0.990678 361.586 359.332 

   GIC = 374.430 382.751 
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Figure 69: MBT of neat sample 2 

 

Figure 70: MCC of neat sample 2 
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Neat Sample 3 (DCB_NEAT_15): 

B (m) h (m) P (N) δ (m) No. of 
Pixels 

Crack 
Extension 

a (m) I (m4) C (m/N) 

0.01972 0.0039 62.63 0.003 337 0.00487 0.03487 1.22E-11 4.79E-05 
0.01972 0.0039 57.17 0.004 359 0.00519 0.04005 1.22E-11 7.00E-05 
0.01972 0.0039 52.89 0.005 363 0.00524 0.04530 1.22E-11 9.45E-05 
0.01972 0.0039 49.26 0.006 378 0.00546 0.05076 1.22E-11 1.22E-04 
0.01972 0.0039 45.6 0.007 334 0.00482 0.05558 1.22E-11 1.54E-04 
0.01972 0.0039 42.98 0.008 342 0.00494 0.06052 1.22E-11 1.86E-04 
0.01972 0.0039 38.58 0.009 349 0.00504 0.06556 1.22E-11 2.33E-04 
0.01972 0.0039 35.08 0.01 326 0.00471 0.07027 1.22E-11 2.85E-04 
0.01972 0.0039 32.59 0.011 383 0.00553 0.07580 1.22E-11 3.38E-04 
0.01972 0.0039 29.43 0.012 320 0.00462 0.08043 1.22E-11 4.08E-04 
0.01972 0.0039 28.31 0.013 336 0.00485 0.08528 1.22E-11 4.59E-04 
0.01972 0.0039 27.28 0.014 347 0.00501 0.09029 1.22E-11 5.13E-04 

 

 

C(1/3) a/h ∆ A1 a+∆ E (Pa) G (J/m2) MBT G (J/m2) MCC 

0.03632 8.94046 0.0114 320.940 0.04627 1.48E+11 308.894 314.403 
0.04121 10.27009 0.0114 320.940 0.05145 1.48E+11 338.064 337.256 
0.04555 11.61453 0.0114 320.940 0.05670 1.48E+11 354.789 352.783 
0.04957 13.01453 0.0114 320.940 0.06216 1.48E+11 361.695 362.345 
0.05354 14.25157 0.0114 320.940 0.06698 1.48E+11 362.489 362.283 
0.05710 15.51823 0.0114 320.940 0.07192 1.48E+11 363.651 365.969 
0.06156 16.81083 0.0114 320.940 0.07696 1.48E+11 343.172 342.773 
0.06581 18.01823 0.0114 320.940 0.08167 1.48E+11 326.720 323.923 
0.06963 19.43675 0.0114 320.940 0.08720 1.48E+11 312.700 312.899 
0.07415 20.62194 0.0114 320.940 0.09183 1.48E+11 292.545 289.426 
0.07715 21.86638 0.0114 320.940 0.09668 1.48E+11 289.558 289.898 
0.08006 23.15157 0.0114 320.940 0.10169 1.48E+11 285.676 289.895 

       328.329 328.654 
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h/4 (m) t (m) L´ (m) F N C/N (C/N)(1/3) 

0.000975 0.005475 0.01 0.9888 0.9644 4.97E-05 0.03676 
0.000975 0.005475 0.01 0.9879 0.9726 7.19E-05 0.04159 
0.000975 0.005475 0.01 0.9874 0.9781 9.67E-05 0.04589 
0.000975 0.005475 0.01 0.9873 0.9822 1.24E-04 0.04987 
0.000975 0.005475 0.01 0.9870 0.9847 1.56E-04 0.05382 
0.000975 0.005475 0.01 0.9868 0.9869 1.89E-04 0.05735 
0.000975 0.005475 0.01 0.9867 0.9887 2.36E-04 0.06179 
0.000975 0.005475 0.01 0.9865 0.9901 2.88E-04 0.06603 
0.000975 0.005475 0.01 0.9867 0.9915 3.40E-04 0.06982 
0.000975 0.005475 0.01 0.9865 0.9926 4.11E-04 0.07434 
0.000975 0.005475 0.01 0.9865 0.9935 4.62E-04 0.07732 
0.000975 0.005475 0.01 0.9865 0.9944 5.16E-04 0.08021 

 

 

∆ corrected A1corrected a+∆ corrected F/N G (J/m2)corrected MBT G (J/m2)corrected MCC 

0.0122 322.89 0.047068 1.025309 311.329 328.259 
0.0122 322.89 0.052253 1.015737 338.127 346.860 
0.0122 322.89 0.057497 1.009564 353.199 359.272 
0.0122 322.89 0.062957 1.005243 358.971 366.417 
0.0122 322.89 0.067781 1.002256 359.019 364.624 
0.0122 322.89 0.072721 0.999888 359.610 366.931 
0.0122 322.89 0.077762 0.997981 338.956 342.601 
0.0122 322.89 0.082471 0.996393 322.383 322.934 
0.0122 322.89 0.088003 0.995121 308.346 311.251 
0.0122 322.89 0.092626 0.993953 288.264 287.367 
0.0122 322.89 0.097479 0.992954 285.158 287.362 
0.0122 322.89 0.102491 0.992099 281.207 286.944 

   GIC = 325.381 330.902 
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Figure 71: MBT of neat sample 3 

 

Figure 72: MCC of neat sample 3 
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MWCNTs Reinforced Sample 1 (DCB_CNT_08): 

B (m) h (m) P (N) δ (m) No. of 
Pixels 

Crack 
extension 

a (m) I (m4) C (m/N) 

0.01973 0.00381 68.01 0.003 342 0.00474 0.03474 1.14E-11 4.41E-05 
0.01973 0.00381 63.37 0.004 360 0.00499 0.03973 1.14E-11 6.31E-05 
0.01973 0.00381 59.69 0.005 388 0.00538 0.04510 1.14E-11 8.38E-05 
0.01973 0.00381 57.85 0.006 333 0.00461 0.04972 1.14E-11 1.04E-04 
0.01973 0.00381 54.56 0.007 365 0.00506 0.05477 1.14E-11 1.28E-04 
0.01973 0.00381 53.71 0.008 313 0.00434 0.05911 1.14E-11 1.49E-04 
0.01973 0.00381 54.1 0.009 205 0.00284 0.06195 1.14E-11 1.66E-04 
0.01973 0.00381 51.78 0.01 311 0.00431 0.06626 1.14E-11 1.93E-04 
0.01973 0.00381 51.64 0.011 339 0.00470 0.07095 1.14E-11 2.13E-04 
0.01973 0.00381 48.32 0.013 376 0.00521 0.07616 1.14E-11 2.69E-04 
0.01973 0.00381 45.92 0.014 439 0.00608 0.08225 1.14E-11 3.05E-04 
 

 

C(1/3) a/h ∆ A1 a+∆ E (Pa) G (J/m2) MBT G (J/m2) MCC 

0.03533 9.11765 0.0201 393.130 0.05484 1.48E+11 282.862 293.099 
0.03982 10.42674 0.0201 393.130 0.05983 1.48E+11 322.121 323.138 
0.04375 11.83765 0.0201 393.130 0.06520 1.48E+11 347.999 346.220 
0.04698 13.04856 0.0201 393.130 0.06982 1.48E+11 377.981 374.980 
0.05044 14.37583 0.0201 393.130 0.07487 1.48E+11 387.809 384.356 
0.05301 15.51402 0.0201 393.130 0.07921 1.48E+11 412.418 411.437 
0.05500 16.25947 0.0201 393.130 0.08205 1.48E+11 451.162 449.360 
0.05780 17.39038 0.0201 393.130 0.08636 1.48E+11 455.855 454.694 
0.05972 18.62311 0.0201 393.130 0.09105 1.48E+11 474.290 482.777 
0.06456 19.99038 0.0201 393.130 0.09626 1.48E+11 496.105 493.895 
0.06730 21.58674 0.0201 393.130 0.10235 1.48E+11 477.557 484.832 

       407.833 408.981 
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h/4 (m) t (m) L´ (m) F N C/N (C/N)(1/3) 

0.000953 0.005453 0.01 0.9887 0.9641 4.58E-05 0.03577 
0.000953 0.005453 0.01 0.9877 0.9721 6.49E-05 0.04019 
0.000953 0.005453 0.01 0.9874 0.9779 8.57E-05 0.04408 
0.000953 0.005453 0.01 0.9868 0.9813 1.06E-04 0.04728 
0.000953 0.005453 0.01 0.9866 0.9843 1.30E-04 0.05070 
0.000953 0.005453 0.01 0.9862 0.9862 1.51E-04 0.05325 
0.000953 0.005453 0.01 0.9851 0.9872 1.69E-04 0.05523 
0.000953 0.005453 0.01 0.9849 0.9888 1.95E-04 0.05802 
0.000953 0.005453 0.01 0.9848 0.9902 2.15E-04 0.05992 
0.000953 0.005453 0.01 0.9831 0.9917 2.71E-04 0.06474 
0.000953 0.005453 0.01 0.9838 0.9931 3.07E-04 0.06746 

 

 

∆ corrected A1corrected a+∆ corrected F/N G (J/m2)corrected MBT G (J/m2)corrected MCC 

0.0212 396.48 0.055938 1.025567 284.389 305.411 
0.0212 396.48 0.060926 1.0161 321.398 331.768 
0.0212 396.48 0.066301 1.009668 345.534 351.810 
0.0212 396.48 0.070915 1.005592 374.199 378.621 
0.0212 396.48 0.075972 1.002377 383.102 386.072 
0.0212 396.48 0.080308 0.999956 406.752 411.733 
0.0212 396.48 0.083149 0.997906 444.262 448.462 
0.0212 396.48 0.087457 0.996077 448.356 452.479 
0.0212 396.48 0.092154 0.99455 466.074 479.210 
0.0212 396.48 0.097363 0.991323 486.244 488.172 
0.0212 396.48 0.103445 0.990574 468.025 478.392 

   GIC = 402.576 410.194 
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Figure 73: MBT of MWCNTs reinforced sample 1 

 

Figure 74: MCC of MWCNTs reinforced sample 1 
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MWCNTs Reinforced Sample 2 (DCB_CNT_09): 

B (m) h (m) P (N) δ (m) No. of 
Pixels 

Crack 
Extension 

a (m) I (m4) C (m/N) 

0.01978 0.00381 79.63 0.003 340 0.00459 0.03459 1.14E-11 3.77E-05 
0.01978 0.00381 77.37 0.004 365 0.00493 0.03953 1.14E-11 5.17E-05 
0.01978 0.00381 75.04 0.005 367 0.00496 0.04448 1.14E-11 6.66E-05 
0.01978 0.00381 68.88 0.006 373 0.00504 0.04952 1.14E-11 8.71E-05 
0.01978 0.00381 65.25 0.007 378 0.00511 0.05463 1.14E-11 1.07E-04 
0.01978 0.00381 59.21 0.008 385 0.00520 0.05983 1.14E-11 1.35E-04 
0.01978 0.00381 55.79 0.009 372 0.00503 0.06486 1.14E-11 1.61E-04 
0.01978 0.00381 52.49 0.01 389 0.00526 0.07011 1.14E-11 1.91E-04 
0.01978 0.00381 51.56 0.011 381 0.00515 0.07526 1.14E-11 2.13E-04 
0.01978 0.00381 47.79 0.012 359 0.00485 0.08011 1.14E-11 2.51E-04 
0.01978 0.00381 46.43 0.013 390 0.00527 0.08538 1.14E-11 2.80E-04 
0.01978 0.00381 41.89 0.014 393 0.00531 0.09069 1.14E-11 3.34E-04 
 

 

C(1/3) a/h ∆ A1 a+∆ E (Pa) G (J/m2) MBT G (J/m2) MCC 

0.03352 9.07969 0.0200 414.460 0.05457 1.48E+11 331.986 342.221 
0.03725 10.37402 0.0200 414.460 0.05950 1.48E+11 394.440 398.958 
0.04054 11.67543 0.0200 414.460 0.06446 1.48E+11 441.416 444.455 
0.04433 12.99813 0.0200 414.460 0.06950 1.48E+11 450.960 447.730 
0.04752 14.33855 0.0200 414.460 0.07460 1.48E+11 464.276 461.633 
0.05131 15.70380 0.0200 414.460 0.07981 1.48E+11 450.103 443.313 
0.05444 17.02295 0.0200 414.460 0.08483 1.48E+11 448.851 442.956 
0.05754 18.40238 0.0200 414.460 0.09009 1.48E+11 441.849 438.086 
0.05975 19.75345 0.0200 414.460 0.09524 1.48E+11 451.618 455.830 
0.06309 21.02650 0.0200 414.460 0.10009 1.48E+11 434.520 436.544 
0.06542 22.40948 0.0200 414.460 0.10536 1.48E+11 434.462 443.082 
0.06940 23.80309 0.0200 414.460 0.11066 1.48E+11 401.878 405.841 

       428.863 430.054 
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h/4 (m) t (m) L´ (m) F N C/N (C/N)(1/3) 

0.000953 0.005483 0.01 0.9886 0.9636 3.91E-05 0.03394 
0.000953 0.005483 0.01 0.9876 0.9717 5.32E-05 0.03761 
0.000953 0.005483 0.01 0.9870 0.9771 6.82E-05 0.04086 
0.000953 0.005483 0.01 0.9867 0.9811 8.88E-05 0.04461 
0.000953 0.005483 0.01 0.9865 0.9841 1.09E-04 0.04777 
0.000953 0.005483 0.01 0.9865 0.9865 1.37E-04 0.05155 
0.000953 0.005483 0.01 0.9864 0.9884 1.63E-04 0.05465 
0.000953 0.005483 0.01 0.9865 0.9900 1.92E-04 0.05773 
0.000953 0.005483 0.01 0.9865 0.9914 2.15E-04 0.05993 
0.000953 0.005483 0.01 0.9864 0.9925 2.53E-04 0.06325 
0.000953 0.005483 0.01 0.9865 0.9935 2.82E-04 0.06556 
0.000953 0.005483 0.01 0.9866 0.9944 3.36E-04 0.06953 

 

 

∆ corrected A1corrected a+∆ corrected F/N G (J/m2)corrected MBT G (J/m2)corrected MCC 

0.0215 419.95 0.056094 1.025916 331.330 355.170 
0.0215 419.95 0.061025 1.016376 390.881 407.936 
0.0215 419.95 0.065983 1.010115 435.576 449.981 
0.0215 419.95 0.071023 1.005695 443.790 450.092 
0.0215 419.95 0.07613 1.002434 456.083 461.611 
0.0215 419.95 0.081331 0.999938 441.636 441.464 
0.0215 419.95 0.086357 0.997976 440.032 439.687 
0.0215 419.95 0.091613 0.996388 432.925 433.682 
0.0215 419.95 0.096761 0.99507 442.309 450.244 
0.0215 419.95 0.101611 0.993917 425.395 430.379 
0.0215 419.95 0.10688 0.992975 425.254 436.108 
0.0215 419.95 0.11219 0.992169 393.311 398.886 

   GIC = 421.543 429.603 
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Figure 75: MBT of MWCNTs reinforced sample 2 

 

Figure 76: MCC of MWCNTs reinforced sample 2 
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MWCNTs Reinforced Sample 3 (DCB_CNT_10): 

B (m) h (m) P (N) δ (m) No. of 
Pixels 

Crack 
Extension 

a (m) I (m4) C (m/N) 

0.01969 0.00385 67.57 0.003 354 0.00501 0.03501 1.17E-11 4.44E-05 
0.01969 0.00385 65.25 0.004 358 0.00507 0.04008 1.17E-11 6.13E-05 
0.01969 0.00385 61.96 0.005 366 0.00518 0.04526 1.17E-11 8.07E-05 
0.01969 0.00385 56.63 0.006 364 0.00515 0.05041 1.17E-11 1.06E-04 
0.01969 0.00385 54.2 0.007 374 0.00529 0.05570 1.17E-11 1.29E-04 
0.01969 0.00385 51.48 0.008 344 0.00487 0.06057 1.17E-11 1.55E-04 
0.01969 0.00385 48.46 0.009 363 0.00514 0.06571 1.17E-11 1.86E-04 
0.01969 0.00385 45.22 0.01 358 0.00507 0.07078 1.17E-11 2.21E-04 
0.01969 0.00385 43.39 0.011 292 0.00413 0.07491 1.17E-11 2.54E-04 
0.01969 0.00385 41.28 0.012 331 0.00469 0.07960 1.17E-11 2.91E-04 
0.01969 0.00385 41.72 0.013 335 0.00474 0.08434 1.17E-11 3.12E-04 
0.01969 0.00385 39.31 0.015 380 0.00538 0.08972 1.17E-11 3.82E-04 
 

 

C(1/3) a/h ∆ A1 a+∆ E (Pa) G (J/m2) MBT G (J/m2) MCC 

0.03541 9.09368 0.0197 390.070 0.05471 1.48E+11 282.260 290.399 
0.03943 10.40985 0.0197 390.070 0.05978 1.48E+11 332.618 335.781 
0.04321 11.75544 0.0197 390.070 0.06496 1.48E+11 363.322 363.667 
0.04732 13.09368 0.0197 390.070 0.07011 1.48E+11 369.198 364.255 
0.05055 14.46868 0.0197 390.070 0.07540 1.48E+11 383.306 380.750 
0.05376 15.73338 0.0197 390.070 0.08027 1.48E+11 390.842 388.586 
0.05705 17.06794 0.0197 390.070 0.08541 1.48E+11 389.005 387.777 
0.06047 18.38412 0.0197 390.070 0.09048 1.48E+11 380.740 379.329 
0.06329 19.45765 0.0197 390.070 0.09461 1.48E+11 384.310 382.552 
0.06624 20.67456 0.0197 390.070 0.09930 1.48E+11 380.041 379.329 
0.06780 21.90618 0.0197 390.070 0.10404 1.48E+11 397.135 405.817 
0.07253 23.30324 0.0197 390.070 0.10942 1.48E+11 410.538 412.389 

       371.943 372.553 
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h/4 (m) t (m) L´ (m) F N C/N (C/N)(1/3) 

0.000963 0.005503 0.01 0.9888 0.9647 4.60E-05 0.03584 
0.000963 0.005503 0.01 0.9879 0.9726 6.30E-05 0.03980 
0.000963 0.005503 0.01 0.9874 0.9780 8.25E-05 0.04354 
0.000963 0.005503 0.01 0.9871 0.9818 1.08E-04 0.04761 
0.000963 0.005503 0.01 0.9870 0.9848 1.31E-04 0.05081 
0.000963 0.005503 0.01 0.9868 0.9869 1.57E-04 0.05400 
0.000963 0.005503 0.01 0.9867 0.9887 1.88E-04 0.05727 
0.000963 0.005503 0.01 0.9867 0.9902 2.23E-04 0.06067 
0.000963 0.005503 0.01 0.9863 0.9912 2.56E-04 0.06348 
0.000963 0.005503 0.01 0.9862 0.9923 2.93E-04 0.06641 
0.000963 0.005503 0.01 0.9862 0.9933 3.14E-04 0.06795 
0.000963 0.005503 0.01 0.9848 0.9944 3.84E-04 0.07267 

 

 

∆ corrected A1corrected a+∆ corrected F/N G (J/m2)corrected MBT G (J/m2)corrected MCC 

0.02078 393.02 0.055791 1.025032 283.724 302.604 
0.02078 393.02 0.060858 1.015737 331.856 344.840 
0.02078 393.02 0.066038 1.009617 360.817 369.859 
0.02078 393.02 0.071191 1.005391 365.557 367.949 
0.02078 393.02 0.076484 1.002261 378.748 382.644 
0.02078 393.02 0.081354 0.999911 385.620 389.051 
0.02078 393.02 0.086492 0.998008 383.382 387.022 
0.02078 393.02 0.091559 0.996452 374.914 377.617 
0.02078 393.02 0.095692 0.99505 378.092 380.021 
0.02078 393.02 0.100377 0.993865 373.645 376.099 
0.02078 393.02 0.105119 0.992832 390.237 401.683 
0.02078 393.02 0.110497 0.990313 402.587 406.846 

   GIC = 367.432 373.853 
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Figure 77: MBT of MWCNTs reinforced sample 3 

 

Figure 78: MCC of MWCNTs reinforced sample 3 
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