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ABSTRACT 

TOUGHENING OF CARBON FIBER BASED COMPOSITES WITH 

ELECTROSPUN FABRIC LAYERS 

The objective of this PhD thesis is to investigate interlaminar Mode-I fracture 

toughness of carbon fiber/epoxy composites interleaved by micro and/or nano scaled 

PA66 nonwoven veils. Also, the effects of electrospun PVA nanofibers on the 

mechanical performance of these composites were investigated. Additionally, this thesis 

also deals with the effects of aramid nonwoven veils on the mechanical properties of 

CF/EP composites. The produced nanofibers produced by electrospinning were directly 

deposited on carbon fiber fabrics. Then, reference and nano-modified laminates were 

manufactured by vacuum infusion method. A series of mechanical tests such as tensile, 

compression, three point bending, Charpy-impact, interlaminar shear strength and open 

hole tensile tests (OHT) were carried out on the prepared specimens. Double cantilever 

beam (DCB) tests were conducted on reference and interleaf-modified laminates. The 

effect of PA 66 nanofiber areal weight density was also evaluated with varying 

electrospinning time. Scanning electron microscopy (SEM) was used to investigate the 

fiber morphology and to understand the toughening mechanisms. Dynamic mechanic 

analysis (DMA) was used to investigate the thermo-mechanical behavior of reference 

and interleaf-modified composite specimens. Differential scanning calorimetry (DSC) 

was used to determine the thermal properties of micro and electrospun PA66 nonwoven 

veils. Comparing the mechanical test results, the most effective nonwoven interleaving 

system was determined in terms of higher delamination resistance and in-plane 

mechanical properties. Finite element method (FEM) was used to evaluate the effects of 

electrospun PA66 nonwoven veils on the CF/EP composites. Numerical simulations of 

Mode-I fracture toughness tests were carried out using ANSYS Workbench. The results 

showed that the most effective material was electrospun PA66 nonwovens considering 

the higher delamination resistance. Additionally, the electrospun PA 66 nonwovens also 

improved Charpy-impact and interlaminar shear strength of the reference CF/EP 

composites. Numerical results showed good agreement with the experimental ones.  
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ÖZET 

ELEKTROEĞRİLMİŞ KUMAŞ TABAKALARI İLE KARBON ELYAF 

ESASLI KOMPOZİTLERIN TOKLAŞTIRILMASI 

Bu doktora tezinin amacı, arayüzeyde mikro ve/veya nano boyutta poliamid 66 

(PA 66) dokusuz kumaş tabakaları kullanılarak üretilmiş karbon fiber/epoksi (KF/EP) 

kompozitlerin Mod-I kırılma tokluğunun incelenmesidir. Ayrıca, elektroeğrilmiş 

polivinil alkol (PVA) nanofiberlerin bu kompozitlerin mekanik performansı üzerine 

etkileri incelenmiştir. Buna ek olarak, bu tezde aramid dokusuz kumaşlar kullanılarak 

üretilmiş KF/EP kompozitlerin mekanik özellikleri incelenmiştir.Üretilen nanofiberler 

direkt olarak karbon kumaş üzerine kaplanmıştır. Daha sonra referans ve nanofiber 

takviyeli kompozitler vakum infüzyon yöntemiyle üretilmiştir. Üretilen numunelere 

çekme, basma, üç-nokta eğme, Charpy-darbe, arayüzey kayma mukavemeti ve delikli 

çekme testleri yapılmıştır. Referans ve arayüzeyi modifiye edilmiş numunelere Çift 

Ankastre Kiriş Testleri (DCB) yapılmıştır. PA 66 nanofiber alansal yoğunluğunun etkisi 

elektroeğirme süresi değiştirilerek ortaya konmuştur. Taramalı elektron mikroskobu 

kullanılarak fiber morfolojisi ve arayüzey kırılma mekanizmaları incelenmiştir. 

Dinamik mekaniz analiz (DMA) ile referans ve arayüzeyi modifiye edilmiş kompozit 

numunelerin termomekanik özellikleri incelenmiştir. Diferansiyel taramalı kalorimetre 

(DSC) yöntemiyle mikro ve elektroeğrilmiş PA66 dokusuz kumaşların termal özellikleri 

belirlenmiştir. Mekanik test sonuçları karşılaştırılarak, delaminasyon direnci ve düzlem-

içi mukavemet açısından en verimli dokusuz kumaş sistemi belirlenmiştir. Buna ek 

olarak sonlu elemanlar yöntemi ile elektroeğrilmiş PA 66 nanokumaş tabakaların  

KF/EP kompozitler üzerine etkisi incelenmiştir. Mod- I kırılma tokluğu testlerinin 

nümerik simülasyonları ANSYS Workbench kullanılanılarak gerçekleştirilmiştir. 

Sonuçlar en verimli sistemin elektroeğrilmiş PA66 dokusuz kumaşlar olduğunu 

göstermiştir. Buna ek olarak, bu kumaşların referans KF/EP kompozitlerin darbe 

direncini ve arayüzey mukavemetini iyileştirdiği gözlemlenmiştir. Nümerik sonuçların 

deneysel sonuçlarla uyum gösterdiği belirlenmiştir.  
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CHAPTER 1  

 

INTRODUCTION 

 

1.1. Background 

Fiber-reinforced polymer matrix composites are extensively used in many 

engineering applications. They were once considered for high-performance applications 

such as aerospace, aviation and defense. Yet, they have become critical materials for all 

divisions of engineering over the last few decades. The application of these materials 

has shown a tremendous growth in many fields ranging from trivial, industrial products 

such as boxes and covers produced in enormous numbers each day, to pipelines and 

crucial, load bearing parts of large structures. Some important reasons for this 

popularity are: their high strength (and stiffness) to weight ratio; the possibility of 

controlling the anisotropy; and the fact that the fiber composites are resistant to 

corrosion [1]. 

Delamination, the separation of two adjacent plies, has long been considered to 

be the “Achilles heel” of these advanced materials. It may occur due to low-velocity 

impact events, manufacturing imperfections and stress concentrations triggered by 

sudden changes in structural details. This failure mode provokes severe reductions in 

the in-plane stiffness and strength values which results in accelerated growth of damage 

and premature failure. Also, CF/EP composites become more vulnerable to moisture 

uptake and contaminant penetration due to delamination. Therefore, delamination 

resistance of these materials needs to be improved for promoting their widespread 

acceptance in the aerospace, automotive and wind-energy industries [2].  

A number of techniques have been developed and evaluated by the researchers 

to improve delamination resistance of high performance structural composites. 2½D 

reinforced materials have been developed, such as through-thickness stitched or pinned 

composites. In recent years, there has been recent development in 3D composites, in 
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which fiber preforms are knitted or braided. These developments were shown to be very 

successful in improving damage tolerance of fiber-reinforced composites. However, it 

was observed that these modifications result with a significant reduction in in-plane 

mechanical properties of these composites. In addition, these techniques do not hinder 

the initiation of damage; only enhance the resistance crack growth once has initiated 

[3].  

The incorporation of micro/nano phases into matrix phase has been also studied 

in recent years. It is well known that this approach has some disadvantages such as the 

difficulty of dispersing nano-sized phases into the epoxy matrix and the enormous 

increase of resin viscosity. The latter especially is a critical problem for all infusion 

applications. Most recently, interleaving technique, based on insertion of a 

thermoplastic material at the interlaminar region, has been developed by some 

researchers. Various interleaf materials such as thermoplastic and thermoset films, non-

woven veils and self-same resin interleaf materials have been studied. These interleaf 

materials may cause resin impregnation problems and thickness increase in the resulting 

composite structure. They resulted in an unavoidable compromise in tensile, flexural 

and compression properties at the expense of reduced fiber volume fraction and 

increased thickness [4]. 

As an alternative to other techniques, the use of electrospun thermoplastic 

nanofibers between the primary reinforcing fabrics was proposed by Dzenis and 

Reneker [5] in 2001. Although the idea is not new, there has been increasing attention 

devoted to this topic in recent years. Some advantages of this approach are as follows 

[6];  

• Increased interlaminar fracture toughness and impact resistance 

• Increased interlaminar shear strength 

• Reduced ply delamination 

• Enhances resin toughness 

• Increased flexural strength 

• Increased flexural stiffness 
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• Virtually no added weight 

• Virtually no added thickness 

Although, this approach requires an extra-step to manufacturing process of 

composite laminates, and there is no need for a radical change in the processing route. 

Therefore, it can be easily adapted to the traditional out-of-autoclave composite 

manufacturing techniques such as resin transfer molding (RTM), vacuum-assisted resin 

transfer molding (VaRTM) and vacuum-assisted resin infusion (VARI). Further 

research is required to provide a better understanding of the effects of thermoplastic 

nanofiber interleaving on the carbon fiber/epoxy composites which put us one step 

closer to reaching commercialization stage [7]. 

 

1.2. Objectives 

The main objective of this thesis is to investigate interlaminar Mode-I fracture 

toughness of carbon fiber/epoxy composites interleaved by micro and/or nano PA66 

nonwoven veils. Also, the effects of electrospun PVA nanofibers on the mechanical 

properties CF/EP composites were investigated. This study also deals with the effects of 

aramid nonwoven veils on the mechanical properties of CF/EP composites. The specific 

objectives are as follows; 

• Obtain bead-free polyamide 66 (PA 66) nanofibers by electrospinning 

method.  

• Deposit these nanofibers onto carbon fabrics for pre-determined 

electrospinning duration.  

• Prepare electrospun PA66 nonwoven veils at different areal weight 

densities. 

• Manufacture of reference and PA66 nano-interleaved carbon fiber/epoxy 

composite laminates by VaRTM technique. 
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• Determine the mechanical properties of the reference and PA 66 

nanofiber interleaved composite specimens. 

• Investigate the effect of nanofiber areal weight density on the mechanical 

behavior of manufactured composites by changing electrospinning 

duration. 

• Manufacture of aramid and PA 66 nonwoven fabric interleaved 

composites by vacuum infusion technique at different areal weight 

densities. 

• Determine the mechanical properties of the aramid and PA66 nonwoven 

interleaved composite specimens. 

• Compare the toughening performance of micro and nano PA 66 

nonwoven veils. 

• Carry out numerical simulations to provide an opportunity to investigate 

the effects of PA66 nanointerlayers on real-life engineered structures. 

 

1.3. Thesis outline 

In Chapter I, the background information emphasizes the importance and 

benefits of thermoplastic nanofiber interleaving technique considering the other 

techniques studied in the literature. The main objectives of this thesis were also listed at 

the end of this chapter. 

Chapter II starts with a brief overview of composite materials. It is important for 

the reader to be aware of the basic terminology and definitions, particularly if he/she 

working in an interdisciplinary environment. Failure modes in composite laminates 

were discussed and a more detailed description of the phenomenon of delamination was 

provided. The techniques developed by the researchers to mitigate the delamination 

problem and arrest the crack propagation were presented and discussed via the findings 

and important observations of the recent studies in the literature. The principles and 
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working parameters of electrospinning technology were presented with reviews of some 

polymeric nanofibers published in literature. A detailed literature review on the micro 

and nanofiber interleaving was provided in order to better interpret the experimental 

results of this study. This chapter also provides some important insights but also 

presents conflicting findings and pointing out certain specific gaps in the literature. 

Chapter III is the experimental section of this study. This chapter describes the 

experimental procedures, equipment, raw materials and chemicals used in this work. 

Chapter III also explicates the conducted experiments with the relevant ASTM 

standards. The morphologies of aramid and PA66 nonwoven fabrics, electrospun PVA 

and PA66 nanofibers were determined by scanning electron microscopy (SEM). 

Differential scanning calorimetry (DSC) was used for determining the 

thermomechanical properties of the commercial PA66 nonwovens and electrospun 

PA66 veils. 

Chapter IV presents the results of the experimental program that was conducted 

to study the effects of aramid, micro and nano PA66 interleaf materials on the 

mechanical behavior of carbon fiber/epoxy composites. The effects of electrospun PVA 

nanofibers on the mechanical properties of these composites were presented. SEM 

analysis was used to deduce toughening mechanisms in the composite specimens. 

Dynamical mechanical analysis (DMA) was used to determine the glass transition 

temperature of the composites. The results were also discussed based on the literature 

given in Chapter II. Following this, the conclusions were drawn. 

Chapter V is the numerical part of this study. It starts with the delamination 

techniques in finite element analysis. This chapter mainly focuses on cohesive zone 

modeling approach which is used for simulating the delamination in the specimens. 

Then, numerical studies in the literature which focus on the effects of nanofiber 

interleaving were discussed. The created FEM model was validated with the literature 

available then it was applied to simulate the behavior of PA66 interleaved composites 

under Mode-I loading. 
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Concluding remarks and an outlook on future studies were presented in Chapter 

VI. At the end of this chapter, the research papers and spoken conference presentations 

converted from this thesis were listed.  

 

1.4. Unique contributions 

This thesis presents the effects of electrospun PA66 nanofiber interleaving on 

the mechanical performance of carbon fiber/epoxy composites. To our knowledge, there 

are only a few studies reported in the literature on the investigation of the effects of 

nanofiber interleaving of the carbon fiber/epoxy composites manufactured by vacuum-

infusion method. Additionally, no reports have been published in the literature on the 

compressive properties of unidirectional carbon fiber/epoxy composites interleaved by 

PA 66 nanofibers. Also, this is the first study in which electrospun PVA interleaved 

composites were manufactured and tested under different loading conditions. This study 

was intended to contribute to the literature and provide better understanding how these 

composites behave when they are interleaved by different types of thermoplastic 

nanofibers. 

In this thesis, the effects of commercial aramid and PA 66 nonwoven veils on 

the mechanical performance of carbon fiber/epoxy composites were also investigated. 

To date, a few studies focused on the effects of these veils on Mode-I fracture toughness 

of laminated composites. However, there are still question marks over the effects of 

these veils on the mechanical properties of those composites. Additionally, the effects 

of aramid nonwovens on the mechanical properties of CF/EP composites are still 

unknown. Thermomechanical behavior of these composites was unrevealed in this 

thesis. Thus, this study opens new perspectives and provides a more comprehensive 

view in understanding of the roles of micro and nano interleaving on the improvement 

of mechanical performance of laminated composites.  

This thesis also deals with the application of Cohesive Zone Modeling (CZM) 

approach to study Mode-I fracture toughness of reference and PA66 nonwoven veil 

interleaved composite specimens. A finite element model was also developed to 
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simulate the delamination behavior of composite specimens under Mode-I loading. The 

sensitivity of the cohesive zone parameters in predicting the overall mechanical 

response was first examined; then, cohesive parameters were tuned comparing 

numerical simulations of the load-displacement curve with experimental results. The 

successful use of CZM to predict damage initiation and propagation of the composite 

specimens was described which may help other researchers to deal with such problems. 
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CHAPTER 2  

 

FUNDAMENTAL CONCEPTS AND RELEVANT 

LITERATURE 

 

2.1. Introduction to Composite Materials 

Composite materials are the most extraordinary engineering materials known to 

human beings. Although they can be engineered as an alternative to other traditional 

materials such as steel and aluminum, they are not a human invention. Almost all the 

materials around us are composites. Woods, bones, stones, etc. are natural composites 

and they are exist in nature or developed by natural processes. Wood is made of 

cellulose fibers and lignin (phenolic resin). The bone in our body is also a composite. It 

is made of mineral fibers with high elastic modulus embedded in a soft of protein 

known as collagen. For thousands of years, composite materials have been used in 

various structural and non-structural applications. Around 3000 B.C., the ancient 

Egyptians used mud and straw to form the most primitive man-made composite 

materials in history. The mud gathered from the Nile River was mixed with chopped 

straw fibers in a pit (mould) and sun-dried (cured) to make stronger bricks for 

construction. Straw is strong under tension, and dry mud is good at resisting 

compressive forces. The combination of these materials at a microscopic scale exhibits 

better performance than the mud alone in both under tension and compression (Figure 

2.1.1) [8-9]. 

In the 12th century, Mongol warriors used bamboo, cattle tendons, horns, and 

pine resin to craft more flexible and powerful composite bows. They used the cattle 

tendons on the tension side and sheets of horn were placed on the compression side of 

the bow over a bamboo core. This composite system is considered as one of the first 

applications of a special form of laminated composites called composite sandwich 

structures. Mongolian bows were the most advanced and powerful weapons on the earth 

until the firearms were developed in the 14th century [10]. 
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The modern era of composites began with the development of modern plastics in 

the early 1900s. The first synthetic plastic, Bakelite, was invented followed by the 

development of other plastics such as vinyl, polystyrene, phenolic and polyester. 

However, these synthetic plastic resins could not exhibit enough mechanical strength 

for more demanding structural applications. Stronger reinforcement materials were 

necessary to give additional strength and rigidity for these applications. Fiber glass was 

first introduced by the Owen Corning Corporation in the 1930s. This is considered as 

the beginning of the Fiber Reinforced Polymers (FRP) industry [11]. 

 

Figure 2.1.1. The process of ancient Egyptian brick making [12]. 

 

In early 1950’s, various composite manufacturing techniques such as pultrusion, 

vacuum bag molding, and filament winding were developed. The industry began to 

mature between the early 1960s and the mid-1970s. Better plastic resins and improved 

reinforcing fibers were developed in response to demands for lighter and stronger 

materials in different industries. The first aramid fiber (Kevlar®) was introduced by 

DuPont in the early 1960s and it has become the best material choice for body armor 

and tactical vests due to its high tensile strength, density and light weight. Carbon fibers 

were developed around the same time and started to being used in sporting goods in the 

1970s. As the carbon fiber industry matured during the 1980s and costs began to 

decrease, carbon fibers found wide applications in alternate energy, fuel-efficient 

automobiles, and construction/infrastructure and oil exploration. Since the 1990s, 

carbon fiber reinforced polymer composites (CFRPs) have been widely used in defense, 
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aerospace and construction/infrastructure systems and also have been used in luxury 

automobiles, wind turbines and gas storage tanks (Figure 2.1.2) [13]. 

  

  

Figure 2.1.2 Some of structural applications of CFRPs [14]. 

 

2.1.1. Definition of a composite material 

 

A general definition of composite material is “a combination of two or more 

dissimilar constituents at a macroscopic level that provides better properties than those 

of the individual constituents used alone”. Contrary to metallic alloys, each constituent 

retains its own chemical, physical and mechanical properties and remains 

distinguishable at the microscopic scale in the composite (Figure 2.1.3) [15].  

 

Composite materials have three main characteristics; (i) macroscopically non-

homogenous materials with a distinct interface, (ii) combination of constituents should 

result in significant property changes, (iii) the property of one constituent is much 
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greater (≥ 5) than the other (iii) the volume fraction of each constituent is higher than 

10% [16].  

 

Figure 2.1.3. SEM image of a hybrid composite structure made of boron 

fiber/epoxy and aluminum layer [17]. 

 

2.1.2. Components of composite materials 

 

Modern composites are usually made of two phases; reinforcing phase and 

matrix phase (Figure 2.1.4). The reinforcing phase provides strength and stiffness. The 

matrix material acts as a medium to transfer the load to the reinforcement and gives 

ductility and toughness to the composite material. 

 

Figure 2.1.4. Material structure of a 3D woven composite [18]. 

Boron 

fiber Epoxy 

matrix 
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The matrix material also protects the reinforcement from the external loads and 

environmental damage and provides finish, texture, color, durability and functionality to 

the composite product. It also carries transverse and interlaminar shear stresses in the 

composite. Stresses acting on the matrix are transmitted to the reinforcement across the 

interface. Therefore, the performance of the interface is a critical issue which 

determines the overall composite performance in particular fracture toughness. Too 

weak an interface gives low composite strength and stiffness; too strong and the 

composite will be brittle. 

 

2.1.3. Classification of composite materials 

 

Composite materials can be divided into two main categories based on the 

geometry of reinforcing phase and the type of matrix phase. Figure 2.1.5 shows the 

classification of composite materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.5. Classification of composite materials. 
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Fiber reinforced composites can be classified as either continuous or 

discontinuous. Continuous-fiber composites normally have a preferred orientation, 

while discontinuous fibers generally have a random orientation. Examples of continuous 

reinforcements include unidirectional, woven cloth, and helical winding, while 

examples of discontinuous reinforcements are chopped fibers and random mat (Figure 

2.1.6) [19]. 

CONTINUOUS REINFORCEMENTS 

   
Unidirectional (UD) Woven Rovings 

DISCONTINUOUS REINFORCEMENTS 

  
Short fibers  Mat 

Figure 2.1.6. Continuous and discontinuous reinforcements [20]. 

Continuous-fiber composites are often assembled into laminated composites by 

stacking of continuous plies to obtain desired the strength and stiffness properties at 

preferred orientations (Figure 2.1.7). A unidirectional composite laminate (Figure 2.7a) 

are very stiff and strong in the longitudinal direction but very weak in the transverse 

direction. This is due to the fact that the applied load is carried by the polymeric matrix 

in this direction. In more detail, the longitudinal tension and compression loads are 

carried by the continuous fibers while the matrix is the primary load carrier for 

interlaminar shear and transverse (90°) tension. The roles of the fiber and the matrix in 

mechanical properties are presented in Table 2.1. Quasi-isotropic laminates (Figure 

2.7b) exhibit isotropic in-plane response but they do not behave isotropically under the 

action of out-of-plane loading [19, 21]. 
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Figure 2.1.7. Examples of composite laminates oriented at different orientations 

[22]. 

 

Table 2.1. The roles of the fiber and the matrix in mechanical properties [19] 

Stacking sequence 
Mechanical 

property 
Fiber Matrix 

Unidirectional 0
o
-tension   --- 

 

90
o
-tension ---   

0
o
-compression ---   

90
o
-compression ---   

0
o
-flexural   --- 

90
o
- flexural ---   

Shear ---   

Interlaminar shear ---   

 

Discontinuous fibers, also known as short fibers, are 0.3 cm or less in length and 

placed into a matrix randomly. Due to this random orientation, the resulting composite 

behaves more isotropically than the composite made of continuous fibers. 

Discontinuous fibers are generally used to produce composite parts with irregular 

shapes in the composite industry [23]. 

Whiskers, very thin single-crystals made of SiC (Figure 2.1.8a), can be also used 

as reinforcement material. Whiskers are used to increase crack-resistance of brittle 

ceramic matrices. Different toughening mechanisms are observed such as whisker pull-

out (Figure 2.1.8b), whisker bridging (Figure 2.1.8c) and crack deflection in the 

A B 
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resulting composites. Although whiskers do not have the same reinforcing potential of 

continuous fibers, the manufacture of whisker reinforced composites is easier than the 

other types of composites [24]. 

 

Figure 2.1.8. (a) SEM image of SiC whiskers and (b) whisker pull-out and (c) whisker 

bridging phenomena observed in ceramic matrix composites [25]. 

Particle reinforced composites is divided into two main categories; (i) In 

dispersion-strengthened composites, particles are of 0.01-0.1μm in size. The 

strengthening occurs at atomic/molecular level like precipitation hardening observed in 

metals so that the matrix carries the major portion of an applied load, while dispersoids 

hinder/impede dislocations. (ii) Particulate composites are other class of particle-

reinforced composites. Polymers are frequently reinforced with various micro/nano 

particles such as carbon black, graphene nanoplatelets and carbon nanotubes etc. These 

composites are designed to obtain the best combination of different properties, for 

instance, adding graphene to polymers can improve not only the mechanical properties 

but also electrical and thermal properties of the resulting nanocomposites [26, 27]. 

Polymers, metals and ceramics are commonly used as the matrix. Polymer 

matrix composites (PMCs) are being extensively used in many applications due to their 

unique advantages such as high weight-saving potential, high specific strength and 

stiffness, good fatigue and corrosion resistance. They are composed of short or 

A B 

C 
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continuous fiber reinforcement and an organic polymer matrix. In a ceramic matrix 

composite (CMC), the reinforcement is added to the matrix for improving the fracture 

toughness on the other hand the reinforcement provides high strength and stiffness in a 

PMC. The matrix properties determine the resistance of the PMC to most of the 

degradative processes that eventually cause failure of the structure. These processes 

include impact damage, delamination, water absorption, chemical attack, and high-

temperature creep. Thus, the matrix is typically the weakest link in the PMC structure. 

The matrix phase of commercial PMCs can be classified as either thermoset or 

thermoplastic. Thermosetting resins include polyesters, vinylesters, epoxies, 

polyurethane. Thermoplastic resins, sometimes called engineering plastics, include 

polypropylene, polyamide, polyethylene and polyether-etherketone (PEEK). Figure 

2.1.9 shows the comparison of general characteristics of thermoset and thermoplastic 

matrices used in composites [28, 29]. 

 

Figure 2.1.9. Comparison of thermoset and thermoplastic matrices [30]. 

Resin type Process 

temperature 

Process 

time 

Use 

temperature  

Solvent 

resistance 

Toughness 

Thermoset Low High High High Low 

Toughened 

thermoset 

     

Lightly 

crosslinked 

thermoplastic 

     

Thermoplastic High Low Low Low High 

 

Typical fiber reinforcements used in PMCs are glass fiber, carbon fiber, and 

Kevlar® fibers. Glass Fiber Reinforced Plastics (GFRP) are generally used for lower 

performance applications in the composite industry due to their low cost and high 

availability. Carbon fiber reinforced Plastics (CFRP) are being used in advanced high 

performance applications due to its very high specific modulus and strength, excellent 

durability and low thermal shrinkage. Almost ¾ of carbon fibers reinforce an epoxy 

matrix. Table 2.2 shows the comparison of different fibers used in composites [31]. 
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Table 2.2. Comparison of different fibers used in composites [32] 

Mechanical property Carbon E-glass Aramid 

Tensile strength very good very good very good 

Compressive strength very good inadequate good 

Elastic modulus very good good adequate 

Long-term behavior very good good adequate 

Fatigue behavior excellent good adequate 

Bulk density good excellent adequate 

Alkaline resistance very good good inadequate 

Price high low high 

 

Although, composites are still overshadowed by glass fibres (85%), but carbon 

fibres are experiencing strong growth. Figure 2.1.10 clearly shows that the demand of 

CFRPs has been a continuous growth since 2013. In 2020, CFRPs across all 

applications will comprise a $35 billion market, including $6 billion in automotive 

CFRPs. People have recently used them in mass market applications under the influence 

of two factors [33]:  

• Prices have dropped significantly and there are an increasing number of 

suppliers.  

• The demand is high for lightweight products that consume less energy 

(motor vehicles, aviation, wind energy, electronics, etc.) 

 

Figure 2.1.10. CFRP composites market forecasts to 2020 [34]. 
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Open molding 

Hand lay-up 

Spray lay-up 

Resin infusion processes 

Resin transfer molding 
(RTM) 

Reaction injection 
molding (RIM) 

Vacuum-assisted resin 
transfer molding 

(VaRTM) 

Resin film infusion (RFI) 

High-volume molding 
methods 

Compression molding 

Injection molding 

Filament winding 

Tube rolling 

Automated fiber 
placement (AFP) 

Automated tape laying          
(ATL) 

2.1.4. Manufacturing techniques for FRP composites 

 

There are numerous methods for manufacturing FRP composite components. 

Figure 2.1.11 shows the classification of manufacturing techniques used for FRP 

composites. In this thesis, vacuum-assisted resin transfer molding (VaRTM) was used to 

manufacture of carbon fiber reinforced/epoxy composite laminates. Therefore, this 

technique is explained in more details in coming paragraphs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.11. Classification of composite manufacturing techniques. 

Vacuum-assisted resin transfer molding (VaRTM) is one of resin infusion 

processes that use vacuum pressure to drive resin into a laminate. Due to high strength 

to weight ratio, design flexibility and excellent cosmetic finish, VaRTM method has 

been widely used for the manufacture of large-scale energy and military and marine 
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composite structures. Recently, VaRTM method has been started to use for structural 

aerospace composites with the advancement of infusible toughened epoxies and 

automation equipment. Figure 2.1.12 shows some of the recent aerospace structures 

made by this method [35]. 

 

Figure 2.1.12. Recent applications of VaRTM method for aerospace component 

production [35]. 

Figure 2.1.13(a) and Figure 2.1.13(b) show schematic representation of VaRTM 

set-up and experimental VaRTM set-up respectively. VARTM technique consists of 

four main steps [36];  

(i) Placement of the dry reinforcement fabrics into mold cavity,  

(ii) Resin injection,  

(iii) Curing and  

(iv) Demolding.  

The process starts with the placement of reinforcement fabrics on a flat surface 

after the application of release agent on the surface. Then, a peel ply material made of 

Teflon-treated nylons is placed over these fabrics. A highly permeable distribution 



 

 
38 

media which induces the resin flow through the thickness is applied on the top of the 

peel ply. To designate resin permeability, different types of distribution media in 

various pore geometries such as sphere or triangular can be used. Then, the breather and 

bleeder layer, surface-treated polyester mat, are applied to provide continuous air path 

for vacuum and absorbs excess resin bleeding. Finally, the composite is closed and 

sealed inside a flexible vacuum bag using gum sealing tape. The resin is injected by 

vacuuming the air out of the mold cavity through one or more inlet ports depending on 

the geometry and size of the part [37].  

 

(a) 

 
(b) 

Figure 2.1.13. (a) Schematic representation of VaRTM set-up and (b) experimental 

VaRTM set-up [38]. 

Bag leaks are the most common problem observed in VaRTM process. They 

may occur due to a defect in the vacuum-bag or improper handling at the sealing-bag 

interface before resin infusion. Bag leaks may cause dry-stop formation in the resulting 

laminate which directly affects the mechanical performance and poor surface quality. 
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2.2. Failure and damage mechanisms in unidirectional composites  

The ultimate failure of a composite is triggered by a number of local failures 

which occur before it is completely fragmented into two or more pieces. The local-level 

failure is called as “damage”. Here, the term “local” stands for the individual constituent 

materials- fiber and matrix. Thus, damage in case of fibrous composites is a micro-level 

event. The failure at lamina/laminate or macro-level is the ultimate result of the local 

failures. Due to loading conditions, different types of micro-level damage mechanisms 

can be observed [39].  

Figure 2.2.1 shows the micro-level damage mechanisms observed in a fiber 

reinforced epoxy composite. Fiber failure (A) occurs when the composite is loaded in 

the fiber direction within a few degrees. It may also occur under shear loading when the 

shear stress or strain is higher than the allowable shear stress or strain. Fiber pullout (B) 

occurs under tension in the fiber direction when the bonding between fiber and matrix is 

weak [39].  

 

Figure 2.2.1. Damage mechanisms observed in composite materials [40]. 

Matrix cracking (C) can develop under different loading conditions such as 

tensile, fatigue, thermal and impact events. The cracks can be either perpendicular or 

parallel to the fiber direction. Matrix cracks parallel to the fiber direction cause 
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significant reduction in stiffness whereas the matrix cracks perpendicular to the fiber 

direction cause less stiffness degradation. However, the matrix perpendicular cracks are 

more dangerous in terms of structural safety. Because the failure often goes undetected 

and occurs catastrophically. Matrix cracks in the through thickness direction may lead 

to delamination (Figure 2.2.1). Fiber-matrix debonding (D) is the separation of the fiber 

from the matrix. It usually appears as a gap between the fiber and the surrounding 

matrix. It indicates poor or ineffective contact between the reinforcement and the 

matrix. The main concern of this thesis is the delamination toughness of carbon 

fiber/epoxy composites. Therefore, delamination phenomenon and the main reasons of 

delamination will be explained in the following section [39, 41]. 

 

2.3. Delamination 

Delamination, one of the macro-level damage mechanisms, has long been 

considered to be the “Achilles heel” of composite materials. It may occur due to low-

velocity impact events, manufacturing imperfections and stress concentrations triggered 

by sudden changes in structural details. This failure mode provokes severe reductions in 

the in-plane stiffness and strength values which results in accelerated growth of damage 

and premature failure. Also, CF/EP composites become more vulnerable to moisture 

uptake and contaminant penetration. Figure 2.3.1 shows the main reasons for 

delamination damage which can be classified briefly as follows [2-4, 39]; 

(i) Manufacturing defects: This is the most common reason for delamination in a 

unidirectional composite laminate. Improper ply stacking, insufficient curing 

temperature and duration, air pockets and dry spots are some of the 

manufacturing defects causing delamination. 

(ii) Transverse/interlaminar stresses can cause the formation of local 

delamination.  

(iii) Laminate geometry: Free edges, cutouts, ply drop-offs may cause three 

dimensional stress state and trigger the delamination failure.  
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Figure 2.3.1. Damage mechanisms observed in composite materials [39]. 

 

2.3.1. Suppression of delamination and toughening mechanism in 

composite materials 

Delamination in fiber-reinforced composites develops in three basic modes of 

interlaminar fracture. There are three modes of delamination fracture, i.e, Mode I 

(opening mode), Mode II (sliding mode) and Mode III (tearing mode).Schematic 

illustration of these fracture modes were shown in Figure 2.3.2. Fiber reinforced 

composite laminates are generally subjected to combinations of mode I and mode II 

during their service life [42].  

 

 

Figure 2.3.2. Three modes of delamination fracture [42]. 

Opening mode Sliding mode Tearing mode 
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The focus of various researchers has been the improvement of the delamination 

resistance of high performance fiber reinforced composites. A variety of toughening 

mechanisms have been used to improve fracture toughness of fiber reinforced 

composites. The most common toughening mechanisms in composite materials are [42]; 

(i) Modulus transfer  

(ii) Crack deflection  

(iv) Crack bridging 

(v) Fiber pull-out 

(vi) Crack shielding  

Modulus transfer can be defined as the placement of continuous fibers with high 

elastic modulus in a less stiff matrix material. The stress is transferred to the fibers via 

matrix material. The main portion of the load was carried by the high stiff reinforcement 

material. Crack deflection is the formation of new surfaces as the crack propagates in 

the interlaminar region. Dispersing different types of materials such as particles, plates, 

whiskers, or chopped fibers leads to an increase in crack deflection which results in 

higher fracture toughness. Crack bridging is the bridging of the crack surfaces behind 

the crack tip by using reinforcing phase. It is the major toughening mechanism in the 

fiber reinforced composites. Fiber pull-out generally forms with the crack bridging 

mechanism and effectively increases the fracture toughness. Crack shielding occurs 

when microstructural changes in the composite reduce the intensity of the crack tip 

stress [42]. 

There are three different approaches to activate the aforementioned toughening 

techniques for preventing the delamination failure in fiber reinforced composites; (i) 

mechanical approach and (ii) material approach and (iii) interleaving approach.  

In the following subsections, these approaches will be presented and discussed 

via the findings and important observations of the recent studies in the literature [42]. 
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2.3.1.1. Mechanical approach 

 

Mechanical approach includes stitching, z-anchoring, weaving and braiding of 

the composite plies. Stitching is the through-thickness application of high-tensile-

strength yarns made of glass, carbon or Kevlar using an industrial sewing machine. The 

yarns in the composite act like a bridging element and keeping the plies together as 

shown in Figure 2.3.3. Stitching can be performed on both dry fabrics and uncured 

prepregs. However, the sewing of prepreg tape is very difficult to achieve because the 

needle action is restricted by the tackiness of the uncured resin matrix. Different types 

of stitch patterns are being used for improving mechanical properties of FRPs. 

Generally, lock stitch is used in order to reduce in-plane fiber disorientations within the 

composite. The most important stitching parameters are stitch pattern, stitch density 

(stitch spacing), thread material, stitching direction [43-45]. 

 

Figure 2.3.3. A stitched composite specimen under Mode-I loading [46]. 

 

There are many studies investigating the effect of through-the-thickness stitching 

on the mechanical performance of FRPs. Sharma and Sankar [47] showed that Mode I 

fracture toughness was 15 – 30 times higher than that of unstitched laminates, while 

Mode II fracture toughness increased by 5 – 15 times in the presence of stitching. 

Although stitching can dramatically enhance damage tolerance, stitching causes local 

fiber misalignment, resin-rich sites and voids around the stitch thread within the 
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composites. These defects reduce significantly in-plane mechanical properties of 

composites (Figure 2.3.4). Kan and Lee [48] showed that increasing stitch density 

reduces by approximately 45% the tensile strength and 30% tensile modulus of the 

laminate. Yun et al. [43] showed that the open-hole compressive strength of stitched 

laminate decreased while open-hole tensile strength increased as compared to the 

unstitched laminates. Yudhanto et al. [49] proved that stitching generally reduces the 

compression strength of carbon/epoxy composites of up to 16%.   

 

 

Figure 2.3.4. Microstructural defects caused by stitching process [2, 3]. 

Z-anchoring is the application of high stiff and very thin z-pins through the 

thickness of a composite. This technique can be only used for reinforcing prepreg 

laminates. Figure 2.3.5 shows the manufacturing steps of z-anchoring process. The 

collapsible preform consists of z-pins is placed on the laminated prepregs. Then, the z-

pins are inserted to the laminated prepregs by using an ultrasonically actuated tool 

during autoclave curing process. After the application of the z-pins, the preform and the 

excess z-pin are removed by a cutter [50].  

Delamination toughness is the most extensively studied property of z-pinned 

laminates by the researchers. It was shown that delamination toughness is significantly 

improved about 5 times when the z-pin density is 2% [51]. The reason for this increase 

Fiber misalignment 

Resin-rich zones 

voids 
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is that the formation of a bridging traction zone due to z-pins behind the delamination 

crack front. Figure 2.3.6 shows the effect of percentage volume content of z-pins on the 

mode I interlaminar toughness. The improved delamination resistance often results in 

higher impact and post-impact properties. Zhang et al. [52] found that z-pinning 

reduced the impact damage area by 19–64%, depending on the impact energy level and 

laminate thickness. Childress and Freitas [53] measured reductions of 30–50% in the 

amount of damage sustained by hailstone impacts. 

  

  
Figure 2.3.5. (a) Manufacturing steps of z-anchoring [50].  

 

Figure 2.3.6. (a) Effect of z-pin volume content on the Mode-I fracture toughness  [50]. 
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The biggest problem of this process is that z-anchoring causes significant 

reduction in stiffness, strength and fatigue life. The reason was the formation of 

microstructural defects around the z-pins (Figure 2.3.7). The effect of z-pinning on the 

in-plane elastic properties of laminates was studied by using material testing and finite 

element method in the literature. The reduction of the elastic properties is the highest for 

unidirectional laminates and becomes less and less severe when the percentage of load-

bearing 0
o
 fibers in the laminate is reduced. The in-plane tensile, compressive and 

bending strengths were found to be reduced by z-pinning. Stringer and Hiley [54] 

measured a 20% reduction of the tensile failure stress of a carbon/epoxy laminate reinforced 

with z-pins. Steeves and Fleck [55] studied the effect of z-pins on the compression 

properties of unidirectional and cross-ply carbon/epoxy laminates. No significant 

change observed in compression strength of z-pinned cross-ply specimens as compared 

to the control specimen. On the other hand, unidirectional z-pinned specimens are 

experienced about 33% reduction in compression strength against the control 

specimens.  

 

 

Figure 2.3.7. Microstructural defects caused by z-anchoring operation [2, 3]. 
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2.3.1.2. Material approach 

 

The use of nano-sized particles as reinforcement of polymer composites has 

attracted great attention of researchers due to their superior mechanical, electrical, 

optical and thermal properties. In material approach, different types of micro or nano-

sized fillers such as alumina, silica, carbon black, graphene, carbon nanotubes (CNTs) 

are mixed/stirred/sonicated (Figure 2.3.8) with the matrix phase for improving 

delamination resistance.  

 

Figure 2.3.8. Manufacturing steps of a nanoparticle reinforced composite. 

The increase in IFT achieved by filler addition can be in the range between 15-

100% depending on the filler type and its content in the resin. Yokozeki et al. [56] 

showed that the IFT of composite laminates containing short cup-stacked carbon 

nanotubes (CSCNTs) was 200% higher than the unmodified ones. Recently, Ragosta et 

al. [57] used silica nanoparticles to toughen epoxy matrix and obtained 288% increase 

in IFT of composites. Particle debonding with subsequent plastic void growth and 
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matrix shear banding are found to be the main toughening mechanisms of nanosilica 

filled composites. To the best of authors’ knowledge, this is the highest improvement 

reported in the literature.  

Polymer nanofibers are also possible candidates to modify epoxy matrix due to 

their unique physicochemical properties such as large specific surface area, excellent 

adhesion and superior mechanical properties. More than 100 polymers have been 

electrospun into nanofibers with different morphologies. Recently, Phong et al. [58] 

examined if PVA electrospun nanofibers (nPVA) were applicable to epoxy matrix for 

modifying carbon/epoxy composites. nPVAs were dispersed into the epoxy matrix with 

different contents by using a process homogenizer at very high speed (15,000 rpm) then 

the mixture was sonicated by using an ultrasonic homogenizer. The results were so 

encouraging that the initiation and propagation interlaminar fracture toughness in Mode 

I was significantly improved by about 65% and 73%, respectively. There was a slight 

increase of the tensile strength by about 5%. The fatigue life of the modified composite 

was extended 10-30 times. 

Although this approach is moderately effective for improving mechanical 

performance of composite structures, it has some clear drawbacks such as enormously 

increased resin viscosity and non-uniform distribution of fillers in resulting laminates 

due to the filtration effects of reinforcing fabrics during the resin infusion.  

 

2.3.1.3. Interleaving technique 

 

Most recently, interleaving technique, based on insertion of an interleaf material 

at the interlaminar region, has been developed by some researchers. Various interleaf 

materials such as thermoplastic and thermoset films, non-woven veils and self-same 

resin interleaf materials have been studied. Compared to filler toughening, this 

technique does not increase the uncured resin viscosity and the veil fibers are uniformly 

distributed in the resulting laminate. The use of toxic and/or harmful, and also 

expensive fillers such as CNTs and graphene is not necessary in this technique. Also, 
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the initial investment and maintenance cost of industrial textile machines used for 

weaving and stitching is not an issue in this technique, which leads to significant 

financial savings.  

Saz-Orozco et al. [59] investigated the effects of polyamide (PA) and 

polyethylene terephthalate (PET) veils on the interlaminar fracture toughness (IFT) of a 

glass fiber/ vinyl ester (GF/VE) composite. They showed that PET veils had no 

significant effect on the IFT of composites while PA veils increased the mode I 

interlaminar fracture toughness values at crack initiation and propagation levels 

improved by 59 and 90%, respectively. Fitzmaurice et al. [60] also showed that PET 

veils were not effective for improving Mode-I interlaminar fracture toughness of the 

glass fiber/ polyester resin (GF/PE) composites due to the weaker glass/resin interface 

providing an alternative crack propagation path. They also showed that the 

incorporation of PET veils had positive effects on the flexural strength, interlaminar 

shear strength and damping properties of the composites. O’Donovan et al. [61] showed 

that the maximum GIC for crack propagation of a PA interleaved composite increased by 

almost 170% over the baseline GF/PE composite. The main toughening mechanism was 

fiber bridging observed during the crack propagation (Figure 2.3.9). Due to good 

adhesion between epoxy matrix and thermoplastic veil, the veil acts as a strain energy 

absorber and the veil fibers are bridging the crack opening. Miller et al. [62] observed a 

40% increase in GIC with the addition of polyurethane (PU) veil.  

 

Figure 2.3.9. Fiber bridging under Mode-I loading [61]. 
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Other types of nonwoven veils such as aramid and carbon were also studied by 

the researchers. Ni et al. [63] investigated the effects of aramid nonwoven veils on the 

mechanical properties of CF/bismaleimide (BMI) composite. The results showed that 

the loss factor could be improved 108%. Mode I interlaminar fracture toughness (GIC), 

Mode II interlaminar fracture toughness (GIIC) and interlaminar shear strength of 

CF/BMI composites were also improved 38.6%, 15.5% and 10.2%, respectively with 

the incorporation of aramid nonwoven veils. Lee et al. [64] investigated the effects of 

carbon nonwoven veils on the Mode-I fracture toughness under different temperatures. 

They concluded that the Mode-I fracture toughness was not significantly affected with 

the incorporation of carbon nonwovens under room temperature. 

Although some studies exist in the literature on the effects PA66 veils on Mode-

I fracture toughness of composites, further research is needed to clarify the effects of 

PA66 veils on the other mechanical properties of existing CF/EP composites. There is 

no report in the literature investigating the effects of PA66 nonwoven interleaving on 

the mechanical properties of the carbon fiber/epoxy composites manufactured by 

vacuum-infusion technique. Additionally, the effects of aramid nonwoven veils on the 

in-plane mechanical properties of CF/EP composites are still unrevealed. This thesis 

aims to make a unique contribution on this research gap and develop a better 

understanding of the effects of aramid and PA 66 nonwovens on the mechanical 

performance of the composites. 

 

2.4. Toughening of polymeric composite materials with nanofibrous 

mats  

To overcome the disadvantages of mechanical and material approaches 

described in the previous sections, a novel approach (both mechanical and material) was 

proposed by Dzenis and Reneker [6]. They used electrospun polymeric nanofibers as a 

second reinforcement in between the primary reinforcing fabrics prior to infusion 

(Figure 2.4.1). This cost-effective approach only requires an extra-step to manufacturing 
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flow, and there is no need for a radical change in the processing route. Although the 

idea is not new, there has been increasing attention devoted to this topic in recent years.  

Various types of polymeric nanofibers have already been studied. Some 

researchers investigated the effects of thermoplastic nanofibers dissolved in the matrix 

resin and they reported significant improvements in interlaminar fracture toughness 

values due to particulate phases exist in the final laminate.  

 

Figure 2.4.1. Laminated composite with nanofiber-reinforced interfacial layer [6]. 

Before literature review of recent studies on electrospun nanofiber toughened 

composites, a brief introduction to electrospinning process is given in the following 

subsection since this process plays a crucial role in this study. 

 

2.4.1. Electrospinning 

Electrospinning is a unique technology not only for its low cost set-up and 

simple operation but also it can be effectively up-scaled, opening actual perspectives for 

industrial production [65]. 

A typical electrospinning system (Figure 2.4.2) consists of a syringe pump, a 

high voltage source and a collector (usually a metal screen, plate or rotating mandrel). A 

charged polymer solution is fed through a small opening or nozzle. Because of its 
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charge, the solution is drawn to a collector, typically 5 – 30 cm away, as a jet. During 

the jet's travel, the solvent evaporates quickly and the fibers solidify on the collector. 

End product is a non-woven fiber mat that is composed of tiny fibers (50 nm-10 µm) in 

different morphologies [66].  

 

Figure 2.4.2. Schematic representation of an electrospinning device [67]. 

 

The morphology and diameter of electrospun fibers depends on (i) solution 

parameters such as concentration, molecular weight, viscosity, surface tension, solvent 

type and conductivity and (ii) working parameters such as applied voltage, working 

distance and feeding rate [68].  

As the concentration is very low, polymeric particles will be obtained. As the 

concentration is little higher, bead-formation is observed. If the concentration is very 

high, helix-shaped micro-ribbons will be obtained. Within the electrospinning process, 

applied voltage is the key factor among the others. The effect of applied voltage on the 

nanofiber diameter can be different according to type of polymer. In some cases, the 

higher voltage leads to large nanofibers [69]. For instance, polyethylene oxide (PEO) 

nanofiber diameter increased with the increase of applied voltage. On the other hand, 

Yuan et al. [70] showed the increase in applied voltage decreased polysulfone (PSF) 

nanofiber diameter. If the working distance is too long, bead fiber can be obtained.  

Generally, lower flow rate is more suitable to provide enough time for polarization. If 

the flow rate is too high, thick nanofibers with bead formation will be obtained instead 
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of smooth and thin nanofibers. Therefore, these parameters should be optimized to 

obtain uniform bead-free thin nanofibers. 

2.4.2. Literature review on electrospun nanofiber toughened 

composites 

In 2008, Li et al. [71] toughened carbon/fiber epoxy composite by using 

electrospun polysulfone (PSF) nanofibers. The authors also used PSF films in the 

interlaminar region and compared the test results with the PSF nanofiber modified and 

reference specimens.  Figure 2.4.3 shows manufacturing steps of electrospun PSF 

nanofiber toughened CF/EP composite.  

Figure 2.4.3. Fabrication steps of PSF nanofibers toughened CF/EP composite [71]. 

Electrospun PSF nanofibers with an average diameter of 230 nm were produced 

and directly deposited onto carbon fiber prepregs. The carbon prepregs were hot-

pressed into composite and left to cure. During the curing process, the morphology PSF 

nanofibers were changed to nano-scaled PSF spheres and dispersed uniformly between 

the composite plies (Figure 2.4.4). It was shown that the Mode I fracture toughness test 

results of PSF nanofibers toughened composite was 140% and 280% higher than those 

of PSF films toughened and reference composite respectively. The main reason for this 

increase was the uniform distribution of polysulfone spheres. 
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Figure 2.4.4. (a) PSF nanofibers and (b) PSF films toughened composite specimens 

[71]. 

Zhang et al. [72] used polyetherketone cardo (PEK-C) nanofibers as interleaf 

material to improve delamination resistance of CF/EP composite. PEK-C nanofibers 

were directly electrospun to one side of the dry carbon fabric. The effects of nanofiber 

diameter and nanolayer thickness on the fracture toughness, flexural properties and 

thermal mechanical properties were investigated (Figure 2.4.5). The authors showed 

that the flexural strength and modulus decreases with the increase of nanofiber diameter 

and thickness. The Mode-I strain energy release rates for crack initiation (GIC-ini) and 

for crack propagation (GIC-prop) were also influenced by the nanofiber diameter as 

shown in Figure 2.24.  
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Figure 2.4.5. Mode I delamination fracture toughness and flexure properties as a 

function of (a) nanofiber diameter and (b) interlayer thickness [72]. 

The average G1C-ini for the control specimen was 151 J/m
2
. The G1C-ini value of 

the nanofiber-modified specimens with 450 nm, 750 nm and 950 nm average nanofiber 

diameter was determined as 249 J/m
2
, 228 J/m

2
 and 241 J/m

2
 respectively. The 

nanofiber diameter had no significant effect on GIC, ini values. The thicker nanofiber 

interlayer led to higher average G1C-prop. The weight increase in the composite due to the 

nanofibers was negligible around 0.4%. They concluded that the composites with 

smaller nanofibers showed better performance without compromising the in-plane 

properties of the toughened composites. The PEK-C nanofibers retained the glass 

transition temperature of the cured resin. Figure 2.4.6 shows the fracture surfaces of 

DCB test specimens. In this figure, the dark spots show the PEK-C rich particulate 

phases removed by the DMF solvent before SEM observations. The size of PEK-C rich 

zones and their distance increased with the increase in the fiber diameter.  

Same research group [73] used polycaprolactone (PCL), polyvinylidene fluoride 

(PVDF) and polyacrylonitrile (PAN) nanofiber interlayers to toughen CF/EP composite 

laminates. Figure 2.4.7 shows the SEM images of electrospun nanofibers. Bead-

formation was observed in PCL nanofibers whereas PVDF and PAN nanofibers were 

bead-free. The average PCL nanofiber diameter was determined as 103 nm, 125 nm and 

210 nm spun from 12 wt. %, 15 wt. % and 20 wt. % solutions, respectively. The average 

fiber diameter of PVDF and PAN nanofibers were determined as 542 and 607 nm 

respectively. 
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Figure 2.4.6. SEM images of fractured DCB test specimens (a) control specimen, (b) 

nanofiber diameter: 450 nm, (c-d) nanofiber diameter: 750 nm, (e-f) nanofiber diameter: 

950 nm [72]. 

Figure 2.4.7. SEM images of electrospun nanofibers; PCL nanofibers; (a) 12 wt.%, 

(b)15 wt.% and (c) 20 wt.% solutions (d) PVDF nanofibers and (e) PAN nanofibers 

[73]. 
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The authors manufactured reference and nano-modified composite laminates 

with a stacking sequence of [0/90]4 by hand lay-up technique. The nanofiber weight 

fraction was approximately 0.2%. Figure 2.4.8 shows the Mode I interlaminar fracture 

toughness of the reference and nano-modified composites. As can be seen in the figure, 

composites interleaved by PCL nanofibers showed higher fracture toughness than the 

reference specimen. The PCL nanofiber modified composites improved G1C-ini values 

about 55% for 103 nm, 92% for 125 nm and 87% for 210 nm. No significant change in 

G1C-prop was observed due to PCL nanofibers. On the other hand, no toughening effect 

was observed for PVDF and PAN nanofibers.  

Figure 2.4.9 shows the delaminated fracture surfaces of DCB specimens. For 

PCL nanomodified specimens, inhomogeneous phase separation occurred as can be 

seen in Figure 2.4.9b-f. The PCL-rich particulate microphases resisted crack growth and 

stress concentrations around these particles led to form plastic zones. The result was 

more energy absorption. For the PVDF and PAN modified composites, the 

polymerization-induced phase separation was not occurred, Figure 2.4.9e-f, therefore 

toughening effect was not observed. The authors stated that the polymerization-induced 

phase separation was one of the toughening mechanisms for the interlayer toughening 

by thermoplastic nanofibers.  

 

Figure 2.4.8. Mode I fracture toughness (a) PCL and (b) PVDF, PAN interlayers [73]. 
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Figure 2.4.9. Fractured surfaces of carbon carbon/epoxy composites after DCB test (a) 

is the control specimen, (b-f) PCL modified and (e-f) PVDF and PAN modified 

specimens [73]. 

Several types of polymers which retain their nanofiber structure in the final 

laminate were studied by other researchers. van der Heijden et al. [74] aimed to increase 

the interlaminar fracture toughness of infusion molded laminates by using electrospun 

PCL nanofibers without compromising other mechanical properties. The authors 

introduced PCL nanofibers into laminates in three different configurations; (i) a single 

layer of nanofibers was directly electrospun on one side of the glass-fibre mats (SLD), 

(ii) a single layer of nanofibers was deposited on each side of the glass fiber mats 

(DLD) and (iii) standalone nanofiber nonwovens placed in between the glass-fiber mats. 

The glass fibre mats were stacked into a steel mold in both [0]8 and [0/90]2s 

configurations and the composite laminates were manufactured by vacuum-assisted 

resin transfer molding (VaRTM). The authors performed Mode I fracture toughness 

(DCB), tensile and open hole strength tests on the composites. They obtained significant 

improvement almost 100 % in the initiation Mode-I fracture toughness values in the 

DLD specimens. The improved interlaminar fracture of DLD configuration was also 

observable in the open hole strength tests. Figure 2.4.10 shows the photograph of 

reference and PCL-modified open hole test specimens. Delamination zones became 
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smaller than the reference specimens around the hole after the incorporation of PCL 

nanofibers. The tensile, shear and dynamic mechanical properties were not significantly 

influenced by the PCL nanofibers.  

 

Figure 2.4.10. Photograph of open hole test specimen after failure [74]. 

Herwan et al. [75] proved that load-bearing capacity of pin joined composite 

laminates can be improved by introducing PAN nanofibers between dry carbon fabrics. 

Bilge et al. [76] were deposited epoxy compatible P(St-co-GMA) copolymer based 

electrospun nanofibers onto unidirectional and 0/90 twill weave carbon/fiber epoxy 

prepreg systems. The authors performed uniaxial tensile tests on the laminates with a 

stacking sequence of [0]6 and [0/90]6woven laminates. For the specimens without holes, 

the nanofibers were collected on the whole surface of each ply. For open hole test 

specimens, local toughening were done by collecting nanofibers on the prepreg layers 

around the holes (Figure 2.4.11).  The results showed that the tensile strength and open-

hole failure stress were increased by 18% and 9%, respectively.   

 

Figure 2.4.11. Photograph of local application of nanofibers around the hole [76]. 
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Liu et al. [77] investigated the effects of CNTs-polyurethane (PU) nanowebs on 

the tensile and flexural properties of the CF/EP prepreg laminates. They manufactured 

three types of specimens; (i) reference specimens with no CNTs nanowebs, (ii) the 

specimens having CTNs/PU nanoweb interlayers with 1 wt. % MWCNT concentration 

and (iii) specimens containing CTNs/PU nanoweb interlayers with 5 wt. % MWCNT 

concentration. The results showed that the in-plane tensile strength and modulus of the 

interleaved laminates could be improved by 8.4% and 4.7% respectively. Improvement 

of 15.6% and 2.7% in flexural strength and modulus were obtained for the interleaved 

laminates. The authors also showed that the presence of CNTs could cause a reduction 

of tensile strength due to the local agglomerations in the inner parts of nanofibers.   

Polyamide (PA) nanofibers have attracted researchers’ attention in recent years. 

PA, a biodegradable and biocompatible synthetic polymer, has a superior fiber forming 

ability with good mechanical properties. PA 66 has high melting temperature (262 
o
C) 

which allows the nanofibers to maintain their morphology during the curing process of 

the laminate. Unlike other polymers, such as polyethylene oxide and polyvinyl alcohol, 

PA is resistant to both water and humidity. PA can be dissolved in the solutions of 

formic or formic/acetic acids; this ensures environment-friendly processes in 

comparison with other toxic solvents such as dimethylformamide (DMF) [78].  

Sanatgar et al. [79] investigated the effects of two different solvent types and 

three solution concentrations on the electrospinning of polyamide 66 (PA 66) nanofiber 

yarns. Nanofiber yarns were electrospun from PA66 solutions in formic acid and formic 

acid/chloroform (3/1 v:v). SEM and X-ray diffraction (XRD) were used to characterize 

the morphology and properties of the nanofibrous yarns. Experimental results showed 

that the addition of chloroform to formic acid increases viscosity of polymer solution 

and the nanofibers diameter significantly. XRD patterns reveal that the presence of 

chloroform affects the crystallinity and the mechanical properties of the produced 

nanofibrous yarns. Compared to other solution concentrations, PA66 nanofiber yarn 

from 10 wt % formic acid/chloroform (3/1 v:v) solution was successfully electrospun 

with the highest strength and modulus. 

Saghafi et al. [80] studied PA 66 nanofibers as interleaf material due to its 

chemical compatibility with the epoxy matrix and mechanical properties.  14 wt. % PA 
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66 electrospinning solutions were prepared using acid/chloroform (50:50 v/v) solvent 

system. The electrospinning duration was about 60 minutes and final mat thickness was 

25 ± 8 µm. The average PA66 nanofiber diameter was 150 ± 15 nm. The authors 

investigated the influence of electrospun PA 66 nanofibrous layers on the both Mode-I 

and Mode-II fracture toughness of CF/EP prepreg composites. Force-displacement 

curves of the specimens under Mode-I and Mode-II loading were shown in Figure 

2.4.12 and Figure 2.4.13 respectively.  

It can be seen from Figure 2.4.12 that the modified laminates sustained higher 

loads about 40% as compared to reference specimens during the tests. The mode-I 

fracture toughness of the nanomodified specimens were increased about 62% with 

respect to reference specimens. The ENF results (Figure 2.4.13) showed that the 

maximum stress was increased about 41% by incorporating of PA66 nanofibers in the 

interlaminar region. The presence of nanofibrous mat significantly increased the 

absorbable mechanical energy.  

 
Figure 2.4.12. Double Cantilever Beam (DCB) fracture tests curves: left) Force vs. 

COD; right) Mechanical energy vs. COD [80]. 

 
Figure 2.4.13. End Notched Flexure (ENF) fracture tests curves: left) Stress vs. Strain; 

right) Mechanical energy vs. Strain [80]. 
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Saghafi et al. [80] also showed that the effect of PA 66 nanointerleafs was more 

effective for improving Mode II fracture toughness than Mode I fracture toughness IFT. 

The authors showed that the improvement in GIIC was 2 times higher than the 

improvement in GIC. SEM micrographs showed that nanofiber bridging mechanism 

improved the fracture toughness of modified specimens and kept the plies together 

when the matrix cracks occurred. The fracture surface of nanomodified specimens 

(Figures 2.4.14b and 2.4.14d) was more complex and irregular than the fracture surface 

of non-modified ones (Figures 2.4.14a and 2.4.14c) which smooth and featureless. In 

Figure 2.33b, the nanofibers pulling out from the epoxy in the composite interface can 

be seen. During the crack propagation, the PA 66 nanofibers keep the plies together and 

hinder the crack propagation. Due to the higher ductility of the PA66 nanofibers, these 

nanofibers act like bridging elements in the interlaminar region and gives significant 

amount of resistance to the interface even if the matrix epoxy fails due to excessive 

strain. 

 
Figure 2.4.14. SEM micrographs of DCB and ENF fractured surfaces (A-B) DCB and 

(C-D) ENF tests, Virgin (A-C) and Nanomodified (B-D) interfaces [80]. 
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Palazzetti et al. [81] investigated the effects of electrospun PA 66 nanofibrous 

mat on the Mode I (DCB) and the Mode II (ENF) fracture toughness of composite 

laminates. Figure 2.4.15 and Figure 2.4.16 show DCB and ENF fracture load-

displacement curves; respectively. As seen in Figure 2.4.15, the maximum load of 

nanomodified specimens was lower about 12% than that of the reference specimens. On 

the contrary, the incorporation of the nanoveils improved the absorbable mechanical 

during the crack propagation. The increase in the absorbed energy was 23% as 

compared to reference specimens. The improvement in critical strain energy release rate 

(GIC) was 5% higher than that of the reference specimens. It can be concluded that 

Mode-I fracture toughness was not significantly due to the PA66 nanofibers. 

As seen in Figure 2.4.16, the PA66 nanomodified specimen has a maximum 

stress value 6% higher than the maximum value of the reference specimen. It could be 

noted that the nanomodified specimens reached the maximum stress at higher strain 

values as compared to reference specimens. Therefore it can be said that the nanofibers 

increased the stress level where the first material failure occurred. Moreover, the stress 

values of the nanofiber modified specimens were higher than that of the reference 

specimens during the crack propagation. 

 

Figure 2.4.15. Double Cantilever Beam (DCB) fracture tests curves [81] 
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Figure 2.4.16. End Notched Flexure (ENF) fracture tests curves [81] 

Daelemans et al. [82] studied PA 6/6 and PA 6/9 nanofibers to improve fracture 

toughness of carbon fiber/epoxy composites. PA 6/6 and PA 6/9 nanofibers caused an 

increase in Mode-I fracture toughness about 28% and 42%; respectively. The main 

mechanism was the bridging of micro-cracks by PA nanofibers. The nanofiber 

interleaved showed better performance under Mode-II loading as compared with the 

reference specimens under Mode-I loading. This was due to the optimal loading 

condition in which the shear stresses were more dominated between the plies in the 

interlaminar region.  

Another study by Daelemans et al. [83] investigated the effects of PA 69 

nanofiber orientation on the Mode-II fracture toughness of unidirectional CF/EP 

laminates with a stacking sequence of [0]12. A formic acid (FA)/acetic acid (AA) (1:1) 

solvent was used to prepare 20 wt% PA 69 electrospinning solutions. Randomly 

oriented nanofibers were obtained by rotating the collector at a low speed of 150 rpm 

(Figure 2.4.17a). In order to obtain aligned PA 69 nanofibers, the rotational speed of the 

drum collector was changed to 4000 rpm (Figure 2.4.17b). The average diameter of the 

randomly oriented and aligned nanofibers were 457 ± 53 nm and 464 ± 110 nm 

respectively. The nanofibrous areal weight was 11 ± 0.5 g/m
2
.  

In their study, two distinct failure regions were observed in the interleaved 

laminates; intralaminar failure (Type A) and interlaminar crossings (Type B) as shown 

in Figure 2.4.18. The main toughening mechanism is the formation of nanofiber 

bridging zones in Type A failure regions. This failure mechanism occurred when the PA 
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69 nanofibers were oriented parallel to the crack growth direction. On the other hand, 

when the aligned nanofibers oriented transversely to the crack growth direction, the 

nanofiber bridging zones developed mainly at the interlaminar crossings in Type B 

failure regions. The toughening effect was more significant if the nanofibers were 

oriented transversely to the crack growth direction. High amount of nanofibers were 

able to bridge cracks in this case.  

CF/EP composite laminates interleaved with a random deposition of nanofibers 

resulted in the highest increase in Mode II IFT. Due to their random orientation, 

nanofiber bridging mechanism was seen in both Type A and Type B failure regions. 

The Mode II initiation interlaminar fracture toughness value was increased about two 

times after the incorporation of randomly oriented PA69 nanofibers as compared to 

reference specimens. The success of randomly oriented nanofibers is an advantage for 

composite industry because randomly oriented nanofibers can be easily produced using 

electrospinning process and a dedicated collector rotating at very high speed is not 

necessary to obtain these nanofibers.  

 

Figure 2.4.17. (a) Randomly oriented and (b) aligned PA 6.9 nanofibres  [83] 

 

The result of this literature review showed that there is a lack of research on the 

topic of electrospun nanofiber toughened composites. Although, most of the studies 

were made to reveal the effects of electrospun nanofibers on the Mode-I and Mode-II 

fracture toughness of the CF/EP composites, there is a lack of research on the effects of 

these nanofibers on the other mechanical properties of these composites. Also, it was 

observed that prepreg materials were used in the most of the studies available in the 

A B 
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literature. However, there are few studies on the effects of electrospun nanofibers on the 

CF/EP composites manufactured by VaRTM technique.  

 

 

Figure 2.4.18. Nanofiber bridging and necked nanofibers at interlaminar crossings [83]. 

 

Additionally, the transition of the nanofiber-interleaving technique into 

commercial products has already started, and now the first commercial supplies of 

thermoplastic nanoveils are on the market. For wider acceptance of this technique in 

composite industry, much more research must be done. The effects of these nanoveils 

on the other in-plane mechanical properties are still unknown. This thesis aims to make 

a unique contribution to the literature and provide better understanding of the behavior 

of CF/EP composites modified by PA66 electrospun nanofibers.  
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CHAPTER 3  

 

EXPERIMENTAL 

 

3.1. Materials 

In this thesis, unidirectional carbon fabrics were used as primary reinforcement 

material. Unidirectional carbon fabrics with a unit weight of 350 g/m
2
 were supplied 

from Kordsa Global Inc., Turkey. The epoxy resin (Momentive L160, Hexion Inc., 

Columbus, Ohio) and its hardener (Momentive H160, Hexion Inc., Columbus, Ohio) 

were used as matrix material with the weight ratio of 80:20, respectively. 

Different types of micro and nano-scaled nonwoven veils were used as 

secondary reinforcement (interleaf materials). Commercial aramid veils with an areal 

density of 8.5g/m
2
 were supplied from ACP Composites Inc., USA. The average fiber 

diameter was determined as 15.36±3.67 µm by measuring at least 25 fibers per sample 

using ImageJ software (National Institute of Mental Health, Bethesda, MD, USA). 

Some physical and technical properties of the aramid veils were listed in Table 3.1. 

SEM images of the aramid veils are shown in Figure 3.1.1. Commercial micro PA 66 

nonwoven veils (N-Fusion
TM

) at two different areal densities 17 and 50 gsm were 

provided by Cerex Advanced Fabrics Inc., USA. SEM images of the PA 66 veils are 

shown in Figure 3.1.2. The thickness of PA66 17 and 50 gsm veils were 80µm and 

150µm, respectively. 

Table 3.1. Physical and mechanical properties of the aramid veils 

Fiber type Binder 

Average 

tensile (Ib/in.) 

MD
1
 

Average 

tensile 

(Ib/in.)    

CD
2
 

Thickness 

(in.) 

Areal 

weight 

density 

(g/m
2
) 

Kevlar29 Polyester 3.0 3.0 0.025 8.5 

1
MD: machine direction, 

2
CD: cross direction 
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Figure 3.1.1. SEM images of aramid nonwoven veils 

 

 

 

 

 

 

 

 

 

Figure 3.1.2. SEM images of PA66 nonwoven veils 

Differential scanning calorimetry (DSC) was used to determine the melting 

point and glass transition temperature (Tg) of the PA66 veils. The samples were heated 
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from room temperature to 350 
o
C at a heating rate of 10

o
C/min under a nitrogen 

atmosphere. Figure 3.1.3 shows DSC curve of the PA66 veils. The melting and glass 

transition temperature of the PA66 veils were determined as 259.3
o
C and 67.02

o
C, 

respectively. 

 

Figure 3.1.3. DSC curve of the PA66 veils. 

 

PVA and PA66 pellets were used in their commercial form in order to produce 

electrospun PVA and PA66 nonwoven veils. Distilled water was used as solvent for 

PVA pellets whereas formic acid and chloroform were used for dissolving of PA66 

pellets. The raw materials used in this study were listed below; 

 PVA pellets (Oksilab Grade: BP-17) 

 PA66 pellets (Sigma Aldrich- 429171) 

 Formic acid (Sigma Aldrich- 27001) 

 Chloroform (Sigma Aldrich- 24216) 

 Distilled water 

 



 

 
70 

3.2. Electrospinning and deposition of electrospun nanofibers onto 

carbon fabrics 

For electrospinning process, PVA and PA66 electrospinning solutions were 

prepared following the procedure given below; 

 To produce PVA electrospun nanofibers, a 15 wt. % of PVA solution 

was prepared by dissolving 15 g of PVA powder in 100 ml distilled 

water at 80
o
C for 6 hours by using a magnetic stirrer. A transparent and 

homogenous gel solution was obtained then the prepared solution was 

left to cool down to room temperature before electrospinning.  

 To prepare PA 66 electrospun nanofibers, a 10 wt % PA 66 solution was 

prepared by dissolving 10 g of PA 66 pellets in 100mL of formic 

acid/chloroform (75:25 v/v) at room temperature. This specific 

concentration was selected to prepare the PA 66 nanofibers with the 

optimum properties as suggested by Sanatgar et al [79]. 

The prepared PVA solution was placed into a 50-ml syringe which is attached to 

a syringe pump. The flow rate of the PVA solution was adjusted to 8 ml/h (1.6 ml/h for 

each nozzle), and the applied positive voltage was set in the range of 32–35 kV. The tip-

to-collector distance was 12 cm.  

The PA 66 solution was loaded into a 20-mL syringe that is attached to a syringe 

pump. The flow rate of the PA 66 solution was adjusted to 6 mL/h (1.0 mL/h for each 

nozzle), and the applied voltage and the tip-to-collector distance were kept as 30 kV and 

12 cm, respectively. These working parameters were selected to produce uniform and 

bead-free PA 66 nanofibers based on our experience and the recommendation by 

Matulevicius et al. [78]. 

Figure 3.2.1 shows the electrospinning set-up used in this study. It consists of 5-

6 nozzles that are suited for the production of relatively larger area of uniform 

nanofibrous nonwovens, a cylindrical translating-rotating collector and a syringe pump. 

The rotation speed of the collector was kept low enough to produce randomly oriented 

nanofibers as suggested by Daelemans et al [83]. Unidirectional carbon fabrics were 
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attached to the collector to produce the electrospun nanoveils directly onto the carbon 

fabrics. The PVA nanofibers were collected onto the unidirectional carbon fabrics for 

the duration of 60 minutes whereas the electrospinning duration for PA66 nanofibers 

were selected as 30 and 60 minutes. During the electrospinning process, the color of the 

carbon fabric was changed from black to white due to the nanofiber deposition.  Figure 

3.2.2 shows the deposition of the electrospun nanofibers onto unidirectional carbon 

fabrics. 

 
Figure 3.2.1. Electrospinning set-up in our laboratory 

 

 

 

 

 

 

Figure 3.2.2. Deposition of electrospun nanofibers on carbon fabrics and (b) a 

unidirectional carbon fabric after electrospinning 

A 

B 
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Once the PVA nanofiber deposited fabrics were coated, they were heat treated 

(physically crosslinked) for 10 minutes at 150 
o
C to stabilize the PVA nanofibers and 

improve their mechanical strength. To remove residual solvents, the carbon fabrics with 

PA 66 nanofibers were kept at 60
o
 C for 3 hours (Figure 3.2.3). Figure 3.2.4 shows the 

SEM image of PVA nanofibres deposited on a carbon fabric and the PVA nanofibers 

after heat treatment. The average PVA nanofiber diameter was measured to be 257±58 

nm before heat treatment. After heat treatment, the average diameter of nanofibres was 

increased to 329±58 nm. 

 
Figure 3.2.3. Heat treatment of nano modified unidirectional carbon fabrics after the 

electrospinning process  

Figure 3.2.5 shows SEM images of PA66 electrospun nanofibers. The average 

PA66 nanofiber diameter was measured as 87±22 nm. It is well known that the 

nanofiber diameter has a significant effect on the interlaminar fracture toughness of the 

composites. Therefore, in this study, diameters of the nanofibers were statistically 

analyzed by Weibull distribution at a reliability level of 0.90. The PA 66 nanofiber 

diameter was determined as 110 nm with a reliability level of 0.90. Figure 3.2.6 shows 

the DSC curve of the PA66 nonwoven veils. The melting temperature (Tm) and Tg of the 

PA66 nonwoven veils were determined as 256.2
o
C and 48.80

o
C; respectively. 

The nanofibrous veil was carefully peeled off from the surface of the carbon 

fabric and cut into small pieces. They were weighted with an accuracy of 0.0001g. The 

average PVA nanofiber areal weight was measured to be approximately 7.1 ±0.70 g/m
2
 

whereas the average PA nanofiber areal weight density (AWD) for 30 and 60 minute 

deposition were determined approximately as 0.525 g/m
2
 and 1.05 g/m

2
, respectively. 

This corresponds to 2% for PVA nanofibers and 0.15 and 0.30% for PVA nanofibers 
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weight increase in the carbon fabric that is insignificant for those fabrics (350 g /m
2
 

areal density). 

 

 
Figure 3.2.4.(a-b) SEM images of PVA nanofibers deposited on a carbon fabric and (c) 

PVA nanofibers after heat treatment. 

  

  

Figure 3.2.5 SEM images of electrospun PA66 nanofibers 

A B 

C 

A B 

C D 
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Figure 3.2.6. DSC curve of the PA66 nonwoven veils 

 

3.3. Manufacturing of composite laminates  

The reference and interleaved composite laminates with four layers of 

unidirectional carbon fabrics were fabricated by VaRTM process. Figure 3.3.1 shows 

the VaRTM set-up used in this study. In the interleaf laminates, one veil was placed 

between the second and third unidirectional plies for Mode-I fracture toughness tests. 

For the other in-plane mechanical tests, one veil was between each unidirectional 

carbon fabric. Figure 3.3.2 shows schematic representation of the (a) reference and (b) 

interleaved composite laminates. A polyimide film (Kapton, 50 µm thick) was inserted 

in the middle of the plies to form an initial crack along the interlaminar region of the 

DCB specimens.  

 

Figure 3.3.1. Schematic representation of the (a) reference and (b) interleaved 

composite laminates 
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Figure 3.3.2. Schematic representation of the (a) reference and (b) interleaved 

composite laminates 

In order to observe the change in resin flow during the manufacturing process, 

reference and interleaved specimens were prepared in the same vacuum bag. Based on 

the visual observations during the VaRTM process, no change of the resin flow due to 

the interleaf materials was detected. Demolding of the manufactured composites was 

carried out after complete curing at room temperature, followed by a post curing in an 

oven at 80
o
C for 12 h. The fabricated composites were cut into the desired dimensions 

using a water-cooled diamond saw and a water-jet. The cut edges of the specimens were 

lightly sanded with 280 grit sandpaper by hand. Non-interleaved composite specimens 

were coded hereinafter as “Reference”. The average thickness of reference composite 

specimens was 1.32 mm. Table 3.2 presents the interleaved composite test specimens 

with their designated group codes. 

Table 3.2. Designation codes for composite test specimens 

Interleaf 

material 

Fiber 

type 

Fiber 

diameter  

Areal 

weight 

density 

(AWD) 

(g/m
2
) 

Average 

thickness 

(mm) Designated group code 

Aramid Micro 16 µm 8.5 1.54 m-AR 

PA66 Micro 20 µm 17 1.62 m-PA66-17 

PA66 Micro 20 µm 50 1.82 m-PA66-50 

PVA Nano 330 nm 0.70 1.35-1.37 nPVA 

PA66 Nano 87 nm 0.525 1.35-1.37 nPA66-AWD-0.525 

PA66 Nano 87 nm 1.05 1.35-1.37 nPA66-AWD-1.05 

Unidirectional carbon fabrics 

Interleaf materials 
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3.4. Mechanical characterization of composite specimens 

In order to determine the effects of interleaf materials on the mechanical 

properties of CF/EP composites, a series of mechanical tests such as tensile, three-point 

bending, compression, Mode-I fracture toughness and Charpy impact tests were carried 

out on the reference and interleaf-modified specimens. All mechanical tests were carried 

out under room temperature in accordance with the relevant ASTM standards. In this 

section, the mechanical tests were described in this section. 

 

3.4.1. Tensile tests 

The tensile tests were carried out at a constant crosshead speed of 2.0 mm/min 

up to failure in order to determine tensile modulus and strength of the reference and 

interleaved composite specimens. A clip-on extensometer with knife edges was used to 

measure the strain. Instead of using rectangular specimens, dumbell-like shape 

specimens were prepared and tested to prevent failure occurred underneath the end tabs. 

Tensile gripping end tabs were attached to reduce stress concentrations in the grip areas. 

Figure 3.4.1 shows the geometry of the tensile test specimens used in this study. The 

stress concentration factor was calculated as 1.30 due to the curved length in the 

specimens. 

 

Figure 3.4.1. Geometry of a dumbell-like shape tensile test specimens 

The total length (Ltotal) and the width (b1) of the specimen were 250 and 25 mm 

respectively. The length (Lcurved) and radius of the curve (R) were 150 and 964.65 mm 
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respectively. Detailed information about the geometry of the tensile specimens can be 

found in Refs. [84, 85]. Figure 3.4.2 shows a tensile test specimen under tension. 

 
Figure 3.4.2. A dumbell-like shaped tensile test specimen under tension 

 

For numerical simulations, the reference tensile test specimens were also tested 

in the transverse direction. In order to determine shear modulus (G12), the composite 

specimens were cut at a 45
o
 orientation and tested under tension at a crosshead speed of 

2 mm/min. First, Ex was determined then G12 was calculated by using the following 

formula [86]; 

                         12

12

1 2 1

1

4 1 1 2

x

G

E E E E



 

   
 

                               (1) 

where E1 and E2 represent the longitudinal and transverse modulus respectively. 

υ12 is the poisson ratio in plane of 1–2.  

 

3.4.2. Three-point bending and interlaminar shear strength (ILSS) 

tests 

The flexural properties (flexural modulus and strength) of the reference 

interleaved specimens were determined from three point bending tests. Figure 3.4.3 
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shows a composite specimen under flexural loading. A span-to-thickness ratio of 32:1 

was used on the test fixture. The rate of crosshead motion was calculated for each group 

of specimens as recommended in the ASTM standard. The interlaminar shear strength 

(ILSS) tests were determined using the short beam shear test. A span-to-thickness ratio 

of 8:1 was used with a span of 10 mm on the test fixture. The test speed was 1 mm/min. 

 
Figure 3.4.3. A composite test specimen under flexural loading 

 

3.4.3. Compression tests 

The compressive strength and modulus of the specimens were determined using 

an anti-buckling fixture (Figure 3.4.4). The dimensions of the compression test 

specimens were 140 mm in length and 12.7 mm in width. The gauge length was 12.7 

mm. The specimens were loaded until failure at a constant crosshead speed of 1.3 

mm/min. 

 
Figure 3.4.4. Anti-buckling fixture used for compression tests. 
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3.4.4. Charpy-impact tests 

Charpy impact tests were carried out according to ISO-179 standard on 10 x 80 

mm rectangular notched specimens, using the CEAST® Resil Impactor having 

maximum hammer energy of 15 J and hammer tangential speed of 3.46 m/s. The 

Charpy impact strength was calculated dividing the energy by the area under the notch. 

At least ten specimens were tested for each group to obtain consistent average and 

standard deviation values. 

 

3.4.5. Mode-I fracture toughness tests 

The Mode-I interlaminar fracture toughness of the composite specimens was 

determined by double cantilever beam (DCB) experiments. The configuration of the 

specimens for DCB testing was shown in Figure 3.4.5.  

 
 

 

 

 

 

 

 

 

 

Figure 3.4.5. Schematic representation of the DCB test specimens. 

1 mm marks 

Kapton film    

(crack starter) 

Interleaf material 

P 

P 
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composite 
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The dimensions of the DCB test specimens were L=150 mm in length and b=25 

mm in width. Aluminum blocks were bonded to outer surfaces of the DCB specimens to 

transfer the opening forces. Before testing, the edges of the specimens were painted 

with white color and marked with a 1-mm interval in order to observe the crack 

propagation. The force, displacement and crack length values were recorded 

simultaneously until the separation of the test specimen was completed. Each specimen 

was initially loaded with a crosshead speed of 1 mm/min and the crack was allowed to 

propagate a short distance (3–5 mm) before the specimen was unloaded. Then, the 

specimen was loaded until the crack propagates about 50-60 mm from tip of the crack. 

Load, opening displacement and crack length were recorded for the energy release rate 

(GI) calculation during the tests. GI was calculated from Modified Beam Theory data 

reduction method given as follows [87]: 

 
3

2

F P
G

I N b a




 
          (2) 

where GI is the Mode I interlaminar fracture toughness, P is the applied load, δ 

is the load point displacement, b is the specimen width, a is the delamination length 

(crack length), Δ is a value that is determined experimentally by generating a least 

squares plot of the cube root of compliance (C
1/3

) as a function of delamination length. 

F and N are the correction parameters to take into account large displacement and the 

stiffening of the specimens by loading blocks, respectively. These correction factors can 

be calculated by using the following equations [87]; 
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      (4) 

where t and L’ were shown in Figure 3.4.5. The GIC initiation (GIc, ini) value was 

determined as the value of GIC at which the delamination was visually observed on the 

edge of the specimen. GIC propagation (GIc, prop) value was calculated as the average of 
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the values of GIC during crack propagation. Figure 3.4.6 shows a composite test 

specimen under Mode-I loading. 

 
Figure 3.4.6. A composite test specimen under Mode-I loading  

 

3.5. Fractured surface observations and dynamic mechanical analysis 

(DMA) 

Scanning electron microscopy (SEM) observations were made to determine 

micro and nanofiber morphologies and to better understand the toughening mechanisms 

in the interleaved composites. The specimens were sputter-coated with gold for 90 

seconds and examined under a Philips XL 30S FEG scanning electron microscope. 

Dynamic mechanical analysis (DMA) was carried out on the specimens by using a 

DMA Q800 (TA Instruments, USA) equipment in a dual cantilever mode. The 

dimensions of the specimens were 65 mm in length and 10 mm in width. At least three 

specimens were tested for each laminate. The heating rate was 2
o
C/min from room 

temperature to 150
o
C and the frequency was 1 Hz. The glass transition temperature (Tg) 

of the reference and modified composite specimens were determined from the tanδ 

(peak) spectrum. Dynamic and loss modulus of the composite specimens were  also 

determined. 
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3.6. Calculation of carbon fiber volume fraction (Vf) 

The carbon fiber content of the composite specimens was determined by using the 

density method. This method is very effective for determining the fiber volume fraction of 

fiber reinforced composite laminates. The carbon fiber volume fraction of the specimens 

(Vf) was calculated by measuring the density of the composite in air and in distilled water.  

In order to determine the Vf of composite laminates, five composite specimens 

from each group were prepared using a water-cooled diamond saw. Each specimen was 

dried in an oven at 40oC for 30 minutes. Then the specimens were weighted in air then 

weighted in distilled water. The densities of carbon fiber and resin were assumed as 1.80 

g/cm
3
 and 1.16 g/cm

3
, respectively. The density of the composite materials was calculated 

by Archimedes’ Principle using the following equation [88]: 

air water
c

air water

W

W W


 


                 (5) 

where 𝜌𝑐 and 𝜌𝑤𝑎𝑡𝑒𝑟 is density of composite and distilled water, respectively. 

𝑊𝑎𝑖𝑟 and 𝑊𝑤𝑎𝑡𝑒𝑟 is the weight of specimen in air and the weight of sample in distilled 

water. The fiber volume fraction of composite plate was measured using the rule of 

mixtures using the following equation [88]: 
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CHAPTER 4  

 

RESULTS AND DISCUSSION 

 

4.1. Effects of interleaf materials on carbon fiber volume fraction (Vf) 

of CF/EP composites 

Table 4.1 shows the carbon fiber volume fraction (Vf) of composite specimens. The 

Vf of the reference specimens were determined as 0.55. It was observed that the presence of 

micro-scaled interleaf materials in the interlaminar region reduced the Vf of composites.  

The decrease in Vf was about 10.9, 15.1 and 25.9 % for m-AR, m-PA17 and m-PA50 

composites, respectively. The main reasons for reduced Vf were the addition of high 

amount of less stiff fibers in the interlaminar region and the increased thickness of resulting 

laminate. For nPVA, nPA66-AWD-0.525 and nPA66-AWD-1.05 composites, no 

significant change was observed in the Vf of composites as compared to reference 

specimens. The Vf was varied as in the range between 0.55-0.54 for reference nano 

interleaved specimens. The amount of nanofibers in the interlaminar region was very low 

therefore the Vf was not significantly affected with the addition of these nanofibers.  

Table 4.1. Carbon fiber volume fraction (Vf) of composite specimens 

Code 

Nonwovens in 

composite (wrt. 

total carbon fiber 

weight, %) 

The average carbon 

fiber volume 

fraction (Vf) 

% decrease 

Reference - 0.55 - 

m-AR 1.82 0.49 10.9 

m-PA17 3.64 0.47 15.1 

m-PA50 10.71 0.41 25.9 

nPVA 0.15 0.54-0.55 No significant 

change 

nPA66-AWD-

0.525 

0.11 0.54-0.55 No significant 

change 

nPA66-AWD-

1.05 

0.225 0.54-0.55 No significant 

change 
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4.2. Effects of interleaf materials on the tensile properties of CF/EP 

composites 

Figure 4.2.1 and Figure 4.2.2 show the stress-strain curves of the reference and 

m-AR interleaved specimens, respectively. The elastic modulus and tensile strength of 

the reference composites were determined as 122.2±3.4 GPa and 1792.0±96 MPa, 

respectively. The shear modulus (G12) of the reference specimens was determined as 4.2 

GPa. The incorporation of m-AR interleaves in the interlaminar region reduced the 

elastic modulus of the composites from 122.2 GPa to 114.7 GPa. Also, the tensile 

strength decreased from 1792 to 1560 MPa with the addition of m-AR nonwovens. The 

decrease in elastic modulus and tensile strength was 6.1 and 13% respectively. The 

main reason for this decrease was reduced carbon fiber volume fraction with increased 

thickness in the composites. Also, the void formation formed in the resulting composite 

caused reduction in the tensile properties as reported in the literature.  
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Figure 4.2.1. Stress-strain curves of reference composite specimens  

Figure 4.2.3 and Figure 4.2.4 show stress-strain curves of the m-PA66-17 and 

m-PA66-50 composite specimens respectively. Incorporating m-PA66-17 veil into the 

interlaminar region reduced fiber volume fraction from 55 to 47%, and hence, the 
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elastic modulus and tensile strength of the composites reduced by 10.97 and 19.70% 

respectively. The addition of denser m-PA66-50 in the interlaminar region led to higher 

reduction in the carbon fiber volume fraction and increased the thickness of the 

composites. Therefore, the elastic modulus and tensile strength of m-PA66-50 

interleaved specimens were 33.59 and 41.26% lower than those of the reference 

specimens. The failed m-PA66-50 composite tensile test specimens were shown in 

Figure 4.2.5. 
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Figure 4.2.2. Stress-strain curves of the m-AR composite specimens 
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Figure 4.2.3. Stress-strain curves of m-PA66-17 composite specimens 
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Figure 4.2.4. Stress-strain curves of m-PA66-50 composite specimens  

 

 

Figure 4.2.5. Failed m-PA66-50 composite tensile test specimens  

Figure 4.2.6 shows stress-strain curves of the nPVA composite specimens. The 

elastic modulus of the specimens was calculated as 121.2 ±6.12 GPa. No significant 

change observed in the elastic modulus as compared to reference specimens. This is due 

to the fact that the amount of PVA nanofibers was very low and the thickness of the 

specimens was not significantly changed after the addition of these nanofibers. Also, the 

carbon fiber volume fraction of the specimens was almost the same with the reference 
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specimens. Another important observation was that the presence of PVA nanofibers on 

the interlaminar region increased the tensile strength of the composites from 1792 MPa 

to 1917 MPa which corresponds to 7% increase. This is due to improved matrix 

cracking resistance at the free edges. The plastically deformed and necked PVA 

nanofibers and excessive deformation of epoxy matrix can be seen in Figure 4.2.7.  

These results also confirm previous study by Bilge et al. [76], demonstrating PVA 

nanofiber interleaving can improve the tensile strength of carbon/epoxy composites.  
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Figure 4.2.6. Stress-strain curves of nPVA composite specimens  
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Figure 4.2.7. SEM images of the (a-b) reference, (c-d) nPVA composite test specimens 

after tensile loading. 

Figure 4.2.8 and Figure 4.2.9 show stress-strain curves of the nPA66-AWD-

0.525 and nPA66-AWD-1.05 composite specimens. The elastic moduli of the nPA66-

AWD-0.525 and nPA66-AWD-1.05 specimens were determined as 121.5±8.8 GPa and 

120.8±3.93 GPa respectively. No significant change was recorded in the elastic modulus 

of nPA66 interleaved composites as observed in nPVA composite specimens.  

The tensile strength of the nPA66-AWD-0.525 and nPA66-AWD-1.05 

composite specimens was determined as 1713.4±195 MPa and 1616.2±208 MPa 

respectively. The nPA66-AWD-1.025 composite specimens reduced the tensile strength 

about 9.8%. This can be attributed to the formation of local beads in the interlaminar 

region of the composites. Figure 4.2.10 shows the SEM image of the presence of the 

local beads in the tensile n-PA66 composite test specimens. As it is well-known, 

nanofibers with beads have lower strength and stiffness values as compared to bead-free 

ones. This is due to the higher stress concentrations around the beads which occur when 

the nanofibers are stretched. Also, these beads cause local defects in the matrix and 

reduce the tensile strength of the composites. The lower tensile strength in n-PA66 

interleaved specimens can be associated with the possible moisture update before resin 

infusion in composite manufacturing step. Another observation was that the standard 

deviations of the tensile strength data of nPA66 composite specimens were higher than 

those of the reference specimens. This may be related with the local mat thickness 

variations in the interlaminar region. It was also note-worthy that small load-drops were 

observed during the tensile tests. Therefore it can be said that PA66 nanofibers were 

able to suppress the onset and growth of delamination and delay final failure of 

C D 
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composite. Figure 4.2.11 shows the SEM images of nPA66 nanofiber interleaved 

composite specimens under tensile loading. 
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Figure 4.2.8. Stress-strain curves of nPA66-AWD-0.525 composite specimens. 
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Figure 4.2.9. Stress-strain curves of nPA66-AWD-1.05 composite specimens 
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Figure 4.2.10. Local bead formations observed in n-PA66 composite specimens 

 

 

Figure 4.2.11. SEM images of n-PA66 composite specimens 

Figure 4.2.12 and Figure 4.2.13 summarize the tensile test results of the 

composite specimens with/without interleaf materials. The micro-scaled PA66 interleaf 

materials caused a significant decrease in both elastic modulus and tensile strength of 

the composites. There is a decreasing tendency in tensile properties with the increase of 

ADW values of nonwovens. The increase in AWD reduced the tensile properties of 

composites due to the lower fiber volume fraction and increased thickness of the 

A B 

C D 
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resulting composite. It was also observed that the elastic modulus and tensile strength 

were less negatively affected by aramid nonwovens. This is due to lower amount of 

addition aramid microfibers (8.5gsm) in the interlaminar region of composites. Also, 

these microfibers were stiffer than the PA66 microfibers which resulted in lower 

decrease in these values.  
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Figure 4.2.12. Elastic modulus of composite test specimens 

As compared to micro-scaled interleaf materials, it is obvious that the nanofibers 

were less likely to have a negative effect on the tensile properties of the composites. No 

significant change in elastic modulus was observed in the case of nano-scaled interleaf 

materials. The reason was that the fiber volume fraction and thickness of the composite 

specimens were not significantly influenced by the addition of PVA and PA66 

nanofibers. The PA66 nanofibers in the interlaminar region caused a reduction in tensile 

strength of composite unexpectedly whereas PVA nanofibers increased the tensile 

strength about 7% as compared to reference specimens interestingly. This increase can 

be associated with the reduction in stress concentrations at free edges of the composite 

specimens due to PVA nanofibers. There are other studies in the literature which 

support this hypothesis as in the study of Bilge et al [76]. It was believed that the 

reduction in tensile strength of nPA66 composites was most probably due to the local 
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thickness variations in the nonwoven veil thickness possibly occurred during the 

electrospinning process and most probably due to the manufacturing imperfections 

during the production of composite laminates. As a result of nonwoven thickness 

variations, higher standard deviation was recorded for tensile strength as compared to 

the reference specimens.  
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Figure 4.2.13.Tensile strength of composite test specimens 

 

4.3. Effects of interleaf materials on the flexural and interlaminar 

shear properties of CF/EP composites 

Figure 4.3.1 and Figure 4.3.2 show the stress-strain curves of the reference and 

m-AR interleaved specimens under flexural loading, respectively. As expected, the 

force increased until it reached to its maximum value and sudden failure occurred. The 

flexural modulus and strength of the reference composites were determined as 

104.7±5.9 GPa and 1207.2±49.6 MPa, respectively. On the other hand, as seen in Figure 

4.3.2, the m-AR specimens failed in a different manner so that the carbon plies of m-AR 

interleaved specimens were broken one by one which was observed during the tests 
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with small load-drops in load-displacement curves. Therefore, it can be said that the 

aramid interleaf materials changed the failure mode from catastrophic to non-

catastrophic failure. The incorporation of m-AR interleaves in the interlaminar region 

reduced flexural modulus from 104.7 GPa to 84.0 GPa. Also, the flexural strength 

decreased from 1207 MPa to 1120 MPa. The addition of m-AR interleaf material 

reduced the flexural modulus and strength values about 19.7 and 7.2% respectively. The 

main reason for this decrease was reduced carbon fiber volume fraction and increased 

thickness of the composites.  
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Figure 4.3.1. Stress-strain curves of reference composite specimens under flexural 

loading 
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Figure 4.3.2. Stress-strain curves of m-AR composite specimens under flexural loading 
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Figure 4.3.3. Stress-strain curves of m-PA66-17 composite specimens under flexural 

loading 
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Figure 4.3.4. Stress-strain curves of m-PA66-50 composite specimens under flexural 

loading 

 

Figure 4.3.3 and Figure 4.3.4 show the load-displacement curves of the m-

PA66-17 and m-PA66-50 composite specimens under flexural loading. As in the case of 

m-AR interleaved composite specimens, the failure occurred with breaking of carbon 

plies one by one after the maximum force was reached. This behavior is one of the main 

characteristics of micro-scaled nonwoven interleaved specimens in which the failure 

mode becomes less catastrophic than the reference specimens.  Incorporating 17 gsm of 

m-PA-66 veil into the interlaminar region increased the thickness of the specimen to 

1.62 mm and reduced the carbon fiber volume fraction from 0.55 to 0.47. As a result, 

the flexural strength and flexural modulus decreased to 1119.6 MPa and 82.9 GPa, 

which were 12.62% and 20.8% lower than those of the reference specimens. The 

flexural modulus and strength of m-PA66-50 composite were determined as 75.93±3.12 

GPa and 1049.3±10.9 MPa respectively. Increasing the areal density of the interleaf 

material from 17 gsm to 50 gsm caused higher reduction in flexural strength and 

modulus by 24.1 and 27.5% respectively, as compared to reference specimens due to 
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the increased thickness, lower carbon fiber volume fraction and lower stiffness of 

interleaf material surrounding the carbon fibers. 
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Figure 4.3.5. Stress-strain curves of nPVA composite specimens under flexural loading 

Figure 4.3.5 shows the stress-strain curves of nPVA composite specimens under 

flexural loading. The flexural modulus was improved by 11% with PVA nanofiber 

interlayers. The flexural strength of PVA-modified composite specimens was 16% 

higher than those of reference specimens. The reason behind the bending performance 

will be explained in detail later. Figure 4.3.6 and Figure 4.3.7 show stress-strain curves 

of nPA66-AWD-0.525 and nPA66-AWD-1.05 composite specimens under flexural 

loading. It was observed that the incorporation of PA 66 nanofibers into the interlaminar 

region also resulted in significant improvement on the flexural modulus and strength of 

the composites. It was found that those values were increased by 15.64 and 12.80% for 

the composites that contains PA 66 nanofibers with a nanofiber AWD of 1.05 g/m
2
. As 

compared to micro-scaled nonwoven interleaving, the nanofiber interleaving method 

improved flexural properties of composites for both nPVA and n-PA66 interleaf 

materials. At low strain values, the nanofibers increased flexural modulus and strength. 

As compared to reference specimens, higher maximum load values were recorded at 

higher strain values. This may be associated with the improved load-transfer capacity 

between the carbon fibers due to the presence of nanofibers in the interlaminar region. 
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Moreover, modified matrix properties may increase in-plane bending performance. 

These findings are consistent with those reported in the literature by Herwan et al. [75] 

and Palazzetti [89]. It was also noteworthy that flexural properties of the composites 

increased with the increase of areal weight density of nanofibers. 
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Figure 4.3.6. Stress-strain curves of nPA66-AWD-0.525 composite specimens under 

flexural loading 
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Figure 4.3.7. Stress-strain curves of nPA66-AWD-1.05 composite specimens under 

flexural loading 
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The flexural test results indicated that the micro-scaled interleaf materials, m-

AR and m-PA66, reduced the flexural strength and modulus values of resulting 

composites. This is due to the fact that lower carbon fiber volume content causes lower 

flexural strength and modulus for the m-AR and m-PA66 interleaved composite 

specimens. On the other hand, the nano-scaled interleaf materials led to significant 

increase in flexural performance of CF/EP composites.  This may be associated with the 

improved load-transfer capacity between the carbon fibers due to the presence of 

nanofibers. Moreover, modified matrix properties may increase in-plane bending 

performance. Another reason for the higher flexural performance of nano-interleaved 

specimens may be related to good interfacial bonding (Figure 4.3.8) between nanofibers 

and matrix. The bending load was distributed among the matrix and nanofibers acted 

like an energy absorbing material in the interlaminar region.   

The interlaminar shear strength (ILSS), one of the most important parameters in 

many structural applications, determines the ability of a composite to resist 

delamination damage. Therefore, the enhancement of ILSS is very important for the 

long-term safety of fiber reinforced polymer composites. The results of ILSS tests 

provide valuable insight for the response of composite specimens under Mode-I 

loading.  

 

Figure 4.3.8.PVA nanofibers within the epoxy matrix 

The ILSS test results of the reference and interleaved composite test specimens 

were shown in Figure 4.3.9. The value in parenthesis shows the standard deviation of 

ILSS tests for each group. The ILSS of the reference specimens were determined as 

53.3±0.4 MPa. The ILSS of m-AR and m-PA66-17 composite specimens were 
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determined as 60.76 and 63.01 MPa respectively. This corresponds to about 14% and 

18% increase in ILSS values for m-AR and m-PA66-50 composites, respectively. The 

increase in AWD also led to higher ILSS values (about 21%), i.e, the ILSS of the m-

PA66-50 composite specimens was determined as 64.32 MPa. It was obvious that the 

incorporation of m-AR and m-PA66 nonwovens increased the ILSS of the composites.  

On the other hand, the ILSS of nPVA composites was found to be lower than the 

reference specimens about 4%. However, the addition of nPA66 nanofibers in the 

interlaminar region increased of ILSS values about 4 and 10% for n-PA66-AWD-0.525 

and n-PA66-AWD-1.05, respectively. The reason for increase in ILSS values was the 

good chemical interaction between the interleaf fibers and epoxy which improves the 

wetting efficiency. The interleaf fibers provide local resin-rich surfaces which possibly 

arrest the crack initiation at the interface of the composites. Also, the interleaf materials 

prevent the stress concentrations and crack initiation within the interlaminar region. As 

compared to micro-scaled interleaf materials, the PA66 nanofibers led to a more 

uniform distribution of stresses in the interlaminar region resulted in a lower standard 

deviation of ILSS data.  
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Figure 4.3.9.ILSS values of composite test specimens 
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The test results showed that the ILSS of existing CF/EP composites could be 

improved with the incorporation of aramid and PA66 nonwovens composed of micro 

and nanofibers. Another important observation was that the use of nano-scaled PA66 

nonwovens in the interlaminar region led to higher increase in the ILSS values 

considering the AWD values. For instance, the use of m-PA66 with 50 gsm increased 

ILSS about 21% whereas the addition of nPA66 with 1.05 gsm increased ILSS about 

10%. Therefore it can be said that the nanofiber interleaving technique was more 

effective in terms of higher ILSS values.  

 

4.4. Effects of interleaf materials on the compressive properties of 

CF/EP composites 

Compressive properties, especially compressive strength, are one of the critical 

factors that significantly affect the design of fiber-reinforced composites in engineering 

structures. Generally, compressive strength is lower than tensile strength in a fiber-

reinforced composite. Therefore, compressive strength determines the utility of the 

composite as the weakest link in the engineering structure. It is vital to improve 

compressive strength without sacrificing other mechanical properties in terms of safer 

use of composite structures in engineering applications. 

Figure 4.4.1 shows the compressive modulus of reference and micro-scaled 

nonwoven interleaved composite specimens. The compressive modulus of reference 

composites was determined as 102.1±8.5 GPa. The compressive modulus of m-AR 

interleaved composite specimens decreased from 102.1 GPa to 84.81 GPa as compared 

to reference specimens. This corresponds to 17% decrease in compressive modulus 

values. It was also observed that the compressive modulus decreased with the inclusion 

of m-PA66 nonwovens in the interlaminar region of composites. Although increasing 

AWD reduced compressive modulus as in the case of tensile and flexural properties, a 

moderate reduction about 13% was observed in both values after the addition of the m-

PA66 nonwoven veils. Unlike the tensile properties which are highly fiber-dominated, 

the compressive properties of a fiber reinforced composite depend on many factors such 
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as matrix modulus and strength, fiber/matrix interfacial bond strength. Therefore, it can 

be said that the incorporation of m-PA66 nonwoven veils retained the interfacial bond 

strength of the composites and caused no significant deteoriation in compressive 

properties as compared to the tensile properties. The compressive modulus of nanofiber 

interleaved composite specimens was also shown in Figure 4.4.1. The addition of nano-

scaled nonwovens reduced compressive modulus from 102 to 97.10 GPa for nPVA, 102 

to 96.97 GPa for n-PA66-AWD-0.525 and 102 GPa to 95.9 GPa for n-PA66-AWD-

0.525 interleaved specimens. The reduction in compressive modulus for nano interleaf 

materials was much lower than the micro-scaled nonwoven interleaved specimens. This 

is due to the lower amount nanofiber addition in the interlaminar region as compared to 

micro nonwovens. 

Figure 4.4.2 shows the compressive strength of reference and nonwoven 

interleaved composite specimens. The compressive strength of reference composites 

was determined as 764.7±35 MPa. It was found that the compressive strength of the 

CF/EP composites was decreased with the addition of both m-AR and m-PA66 micro 

nonwovens. The decrease in compressive strength was about 10 and 14% for m-AR and 

m-PA66-50 composites, respectively. The decrease in compressive strength values 

increased with the AWD value for m-PA66-50 composites. The reason was that the 

addition of significant amount of less-stiff microfibers compared to carbon fibers in the 

interlaminar region of composites.  

On the other hand, in the case of nanofiber interleaved specimens, different 

behavior was observed. The compressive strength of n-PVA and n-PA66 composites 

was higher than those of the reference specimens. With the incorporation of PVA and 

PA66 nanofibers, the compressive strength increased about 4% and 15% respectively. 

As it is well-known, the longitudinal compressive strength is mainly depends on the 

matrix material because it provides lateral stiffness and fiber stability to the composite. 

Due to the presence of nanofibers in the matrix, matrix material could withstand higher 

compressive stresses in the longitudinal direction which led to significant increase in 

compressive strength values for nano-interleaved specimens. The PA66 nanofibers were 

more effective than PVA nanofibers in terms of the enhancement of compressive 

strength of composites. This is due the their network structure at fiber/matrix interphase, 
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a better mechanical attachment together with chemical bonding is expected to occur. 

This may be associated with the improved compressive strength values.  

1

70

75

80

85

90

95

100

105

110

115

120

( 10.0)
( 11.0)

( 9.7)( 5.5)

( 12.0)

( 4.0)

( 8.5)

C
o

m
p

re
s
s
iv

e
 m

o
d

u
lu

s
 (

G
P

a
)

Composite specimens

 Reference

 Aramid

 m-PA66-17

 m-PA66-50

 nPVA

 n-PA66-AWD-0.525

 nPA66-AWD-1.05

 
Figure 4.4.1.Compressive modulus of composite test specimens 
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Figure 4.4.2.Compressive strength of composite test specimens 
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4.5. Effects of interleaf materials on the impact strength of CF/EP 

composites 

The Charpy impact energy of the reference specimens was determined as 

81.45±11.8 kJ/m
2
. The SEM images of reference composite specimens were shown in 

Figure 4.5.1. As can be seen in Figure 4.5.1, reference specimens had a glassy and 

smooth fractured surface and showed no sign of deformation. These are the main 

characteristics of poor interfacial bonding strength and impact energy. The Charpy 

impact energy of the m-AR specimens was determined as 91.89±9.9 kJ/m
2
. The impact 

energy increased about 13% with the addition of m-AR nonwovens within the reference 

composites. The deformation of epoxy matrix and torn and pull-out aramid microfibers 

during the impact loading can be seen in Figure 4.5.2.  

 

Figure 4.5.1.Fractured surface SEM images of reference Charpy-impact specimens 

 

 

Figure 4.5.2.Fractured surface SEM images of m-AR Charpy-impact specimens 
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A B 
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The Charpy impact energy increased about 15% (93.67 ±18 kJ/m
2
) by 

introducing m-PA66-17 nonwovens on the interface area of composite laminates. 

Although the addition of denser m-PA66 with 50 gsm veils led to higher impact 

energies, the thickness of the m-PA66-50 composite specimens was higher than 

reference specimens therefore the impact strength of the composites almost remained 

unchanged at 82.93±7.7 kJ/m
2
 compared to reference specimens. Figure 4.5.3 shows the 

SEM images of the m-PA66 composite test specimens. As can be seen in Figure 4.5.3 

(a), in the m-PA66 interleaved composite specimens, the epoxy matrix experienced 

higher deformation and absorbed more impact energy as compared to reference 

specimens. At the moment of impact, the whole area of PA66 interleaves involved in 

resisting to the applied load and improved the load-bearing capacity of the composites. 

The fracture around the mPA66 fibers in Figure 4.5.3 indicates that these fibers 

participated in the energy absorption and distributed the impact load to the surrounding 

matrix. The imprints of broken and torn PA66 fibers can be seen in Figure 4.5.3(b). 

Figure 4.5.3.Fractured surface SEM images of m-PA66 Charpy-impact specimens 

For the n-PVA composite specimens, the Charpy impact strength was calculated 

as 90.41±5.6 kJ/m
2
. This increase in impact energy was about 10% as compared to 

reference specimens. The Charpy-impact energy values of the nPA66-AWD-0.525 and 

nPA66-AWD-1.05 composite specimens were determined as 87.19±15.0 kJ/m
2
 and 

96.13±6.9 kJ/m
2
 respectively. This corresponds to about 7 and 18% improvement in 

fracture energy for 0.525 and 1.05 AWD; respectively as compared to those for 

composites without nanofibers. The improved impact energy can be explained by 

analyzing the SEM images of the fracture surfaces of PVA and PA66 nanofiber 

A 

A B 
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interleaved specimens. Figure 4.5.4 (a-d) shows the fractured surface SEM images of 

nPVA and nPA66 Charpy-impact test specimens. As compared to reference specimens, 

nanofiber interleaved specimens exhibited more complex and irregular fractured surface 

which indicates higher plastic deformation in the epoxy matrix and impact energy 

absorption. Also, this improvement is due to the presence of nanofibers in the 

interlaminar region and their participation in resisting to the crack propagation at the 

moment of impact, improving load-bearing capacity of the specimens and altering the 

failure modes during fracture. The nanofibers acted as an energy absorber material in 

the composite. Moreover, as the in case of n-PA66 composites, when AWD is 

increased, a relatively higher amount of energy is absorbed which resulted in higher 

impact resistance. Figure 4.5.5 shows the n-PA66 Charpy-impact specimens before and 

after impact loading.  

 

 

Figure 4.5.4.Fractured surface SEM images of (a-b) nPVA and (c-d) n-PA66 Charpy-

impact specimens. 
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Figure 4.5.5.n-PA66 composite test specimens before and after impact loading. 
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Figure 4.5.6.Charpy impact energy of composite test specimens 

Figure 4.5.6 shows the Charpy impact strength of the composite specimens. The Charpy 

impact tests results showed that the impact energy of existing CF/EP composites could 

be improved using micro and nano fiber interleaving technique significantly. As 

compared to the reference specimens, the increase in Charpy impact energy was 5%, 

15%, 10% and 18% for m-AR, m-PA66, nPVA, n-PA66 nonwovens, respectively. The 

plastic deformation of epoxy matrix and the participation of these nonwovens in the 

absorption of impact loading were the main reasons for improved impact energy. 

Considering the AWD values of the interleaf materials, the nanofiber interleaving 

technique was more effective than microfiber interleaving for higher impact resistance. 
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4.6. Effects of interleaf materials on the Mode-I fracture toughness of 

CF/EP composites 

Figure 4.6.1 shows load-displacement curves of the reference composite 

specimens under Mode-I loading. The average load (Fmax) was determined as 14.4±1.0 

N. The load-displacement curves of the specimens were jag-shaped which is one the 

main characteristics of unidirectional composites. The sharp load drops were observed 

in the load-displacement curves of the reference specimens. This is an indication of 

highly unstable crack growth along the interlaminar region in the unidirectional CF/EP 

composites. The average displacement was calculated as 62.7±8.4 mm. The Gıc values 

were calculated using Eq. (1) and shown in Figure 4.6.2.  
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Figure 4.6.1. Load-displacement curves of reference composite specimens under Mode-

I loading. 

The initiation and propagation values for the reference specimens were 

determined as 0.20 and 0.24 kJ/m
2
; respectively. The maximum Gıc value of the 

reference composites was determined as 0.31 kJ/m
2
. The GIc values showed an 

increasing tendency with the delamination length due to carbon fiber bridging effect. 
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These values were consisted with the reported Mode-I fracture toughness values for 

unidirectional CF/EP composites (between 0.20-0.30 kJ/m
2
). 
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Figure 4.6.2. GIC vs. delamination length of reference composite specimens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6.3. SEM fracture surface images of the reference specimens 
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The SEM fracture surface images of the reference specimens with different 

magnification levels were shown in Figure 4.6.3. The micrographs were taken from the 

middle of the specimens (away from the initial crack region) for interpreting fracture 

mechanisms in the reference composite specimens. As seen in Figure 4.6.3 (a-b), the 

reference specimens exhibited smooth and featureless (indicating brittle failure) failure 

which is one of the main characteristics of the unidirectional CF/EP composites under 

Mode-I loading. Debonding of the carbon fibers from the polymer matrix (pulled-out 

fibers) can be seen in Figure 4.6.3 (c). Mode-I fracture toughness in these composites is 

controlled by processes such as cohesive fracture of the matrix (fracture process) and 

fiber bridging as stated by Greenhalgh et al. [2, 3].  

In the unidirectional CF/EP composites, the main toughening mechanism is fiber 

bridging in the wake of the propagating crack tip. This mechanism increases the 

interlaminar resistance to delamination growth especially after the crack propagates 

about 10-20 mm away from the crack tip (Figure 4.6.2). However, in this study, a very 

limited amount of fiber bridging was observed due to the nature of carbon fabric. It was 

stated in the literature that toughness values for materials that do not exhibit fiber 

bridging would be more accurate. Also, fiber bridging may lead to misjudging the 

effects of nanofiber interleaving on the fracture toughness of composites.  

Figure 4.6.4 shows load-displacement curves of the m-AR composite specimens 

under Mode-I loading. The average load values were determined as 17.4±1.01 N for the 

m-AR composite specimens. As compared to reference specimens, the maximum force 

values were found to be increased about 21% with the addition of aramid veils in the 

interlaminar region. Also, the displacement values were higher than the reference 

specimens. The average displacement of the m-AR composites was calculated as 

120.55±11.2 mm. It was observed that both force and displacement values were 

increased with the addition of aramid nonwoven as compared to reference specimens. 

Another important observation was that the crack traveled much more slowly in the m-

AR composite specimens as compared to reference specimens. This can be associated 

with small load-drops observed in load-displacement curves which indicate more stable 

crack propagation during the tests. This behavior was also observed visually in the 

experiments. 
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Figure 4.6.4. Load-displacement curves of m-AR composite specimens under Mode-I 

loading. 

 

Figure 4.6.5 shows the GIC data vs. delamination length graph of the m-AR 

composites. The initiation and propagation Mode-I fracture toughness values were 

determined as 0.201 and 0.348 kJ/m
2
; respectively. It can be said that aramid 

nonwovens did not have a significant effect on the initiation Mode-I fracture toughness. 

The initiation Mode-I fracture toughness remained unchanged with addition of aramid 

veils. The maximum force and corresponding displacement values were not 

significantly changed until the first crack became visible. However, as the crack 

propagates, the effects of aramid fiber bridging became more noticeable. The GIc values 

started to increase with the increase of delamination length when the crack propagated 

about 10 mm from the crack tip. As compared to reference specimens, the propagation 

Mode-I fracture toughness increased from 0.240 to 0.348 kJ/m
2
. This corresponds to 

almost 45% increase in Mode-I fracture toughness values. The maximum Gıc value of 

the m-AR composites was calculated as 0.577 kJ/m
2
. This value was 87% higher than 

the reference composites. These results clearly show that the Mode-I fracture toughness 

properties could be improved by interleaving the aramid nonwovens within the 

interlaminar region of composites. Figure 4.6.6 shows SEM images of fractured m-AR 

composite specimens under Mode-I loading. 
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Figure 4.6.5. GIC vs. delamination length of m-AR composite specimens. 

 

 

 

 

 

 

Figure 4.6.6. SEM images of fractured m-AR composite specimens under Mode-I 

loading. 
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Figure 4.6.7 and Figure 4.6.8 show the load-displacement curves of the m-

PA66-17 and m-PA66-50 composite specimens under Mode-I loading. The load-

displacement response of the m-PA66-17 composites was similar to those of the 

reference composite specimens. The zig-zagged shape response in load-displacement 

curves were obtained for the m-PA66-17 composites. However, the addition of m-

PA66-50 nonwovens altered the load-displacement response of the composite 

specimens from zig-zagged to bow-shaped which generally observed in the woven 

composites (stable crack propagation). Another important observation during the Mode-

I tests was that the load values of m-PA66-50 composites decreased significantly in 

some specimens after the crack propagated about 40-50 mm measured from the crack 

tip. The reason for this decrease was that the crack encountered relatively weak CF/EP 

interface and jumped into this weak interface. Then it continued to propagate in this 

relatively weak interface. Comparing with the m-PA66-17 composites, much higher 

amount of energy was absorbed in the crack plane and the energy was released in the 

weak carbon fiber/epoxy interface of the composite (Figure 4.6.9).  
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Figure 4.6.7. Load-displacement curves of m-PA66-17 composite specimens under 

Mode-I loading. 
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Figure 4.6.8. Load-displacement curves of m-PA66-50 composite specimens under 

Mode-I loading. 

 

  

 

 

 

 

 

Figure 4.6.9. Schematic representation of the crack propagation in m-PA66 composite 

specimens  

 

The average load (Fmax) for was m-PA66-17 composites calculated as 23.6±2.4 

N. This corresponds to 64% increase in the crack opening force values as compared to 

reference specimens. Also, the average displacement value was 128.4±4.6 mm. The 

displacement values increased about 104.7% with the incorporation of m-PA66-17 

interleaf material in the interlaminar region of the composites. For m-PA66-50 
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composite specimens, the average load (Fmax) was calculated as 48.2±6.85 N. The 

average load value increased almost 2.5 times as compared to reference specimens. 

Also, the displacement values increased from 62.7±8.4 to 135.5±5.7 mm (about 116%).  

Figure 4.6.10 shows the GIC data vs. delamination length graphs of the m-PA66-

17 and m-PA66-50 composite specimens. GIc of the m-PA66-17 composite specimens 

was in the range between 0.340 and 1.102 kJ/m
2
. Increasing AWD from 17 to 50 gsm 

led to much higher Mode-I fracture toughness values so it reached to its maximum 

value between 1.173 and 2.780 kJ/m
2
. This corresponds to about 248 and 778% 

improvement of the maximum GIC values Mode-I fracture toughness for m-PA66-17 

and m-PA66-50 composite specimens, respectively, as compared to those for reference 

specimens. This can be associated with the excessive PA66 fiber bridging mechanism 

within the interlaminar region which will be discussed in more detail below. For the m-

PA66-17 composites, the initiation and propagation Mode-I fracture toughness values 

were determined as 0.342±0.017 and 0.643±0.14 kJ/m
2
; respectively. This corresponds 

to about 71 and 168% improvement of those initiation and propagation Mode-I fracture 

toughness values, respectively, as compared to those for reference specimens. For the 

m-PA66-50 composites, the initiation and propagation fracture toughness values were 

found to be 0.831±0.023 and 1.940±0.38 kJ/m
2
 which corresponds to as high as 316 and 

708% improvement as compared to the reference specimens.  

Figure 4.6.11 (a-b) shows the excessive m-PA66 fiber bridging observed during 

the DCB tests. Due to the good adherence between epoxy and m-PA66 fibers, m-PA66 

nonwovens absorbed high amount of strain energy by bridging the crack opening and 

tearing which contribute to the improvement of delamination resistance. Figure 4.6.11 

(c-d) shows the fractured surfaces of m-PA66 interleaved composite specimens. As 

compared to reference specimens, m-PA66 composite specimens exhibit a different type 

of failure surface. A high amount of torn m-PA66 fibers and minimal matrix fracture 

was observed in the m-PA66 interleaved composite specimens. Also, the pulled-out m-

PA66 fibers from the matrix and the imprints of m-PA66 fibers on the other side of the 

delamination plane can be seen in Figure 4.6.11(c-d). The SEM images and the 

observation during the DCB tests revealed that the main toughening mechanism was the 

m-PA66 fiber bridging which led to much higher interlaminar fracture toughness and 
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more stable crack propagation in the m-PA66 nonwoven interleaved composite 

specimens. Figure 4.6.12 shows the photograph of DCB surfaces of a m-PA66 

composites after Mode-I testing. The PA66 fiber imprints (white region) can be seen on 

both side of the DCB surfaces.  

0 10 20 30 40 50 60
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 m-PA66- 17

 m-PA66- 50

G
IC

 (
k
J
/m

2
)

Delamination length (mm)

 
Figure 4.6.10. GIC vs. delamination length of m-PA66 composite specimens. 

 

 

 

 

 

 

 

 

Figure 4.6.11. (a-b) Photographs of m-PA66 composite specimens under Mode-I 

loading and (c-d) SEM images of fractured surfaces of m-PA66 composite specimens. 
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Figure 4.6.12. Photograph of the DCB surfaces of fractured m-PA66 composite.  

Figure 4.6.13 show load-displacement curves of the nPVA composite specimens 

under Mode-I loading. The average load (Fmax) was determined as 12.3±0.9 N. It was 

observed that PVA nanofibers caused a reduction about 14.6% in average load values as 

compared to reference specimens. On the other hand, more gradual load drops were 

observed unlike the reference specimens. It can be said that the crack propagated in a 

stable manner due to the PVA nanofibers. The average displacement was calculated as 

80.1±3.9 mm. This value was 27% higher than the average displacement of the 

reference specimens. The Gıc values were calculated using the Equation (1) and shown 

reference specimens. Although, the displacement values increased, it was noticed that 

the force values to open the crack decreased. For the nPVA composites, the initiation 

and propagation Mode-I fracture toughness values were determined as 0.168±0.022 and 

0.201±0.02 kJ/m
2
; respectively. The results showed that the initiation and propagation 

Mode-I fracture toughness decreased about 17% with the incorporation of nPVA 

nanofibers in the interlaminar region. The maximum Mode-I fracture toughness value 

was calculated as 0.244 kJ/m
2
. The decrease in Mode-I fracture toughness can be 

associated with the reduced the amount of epoxy ahead of the crack-tip. The PVA 

nanofibers were not able to resist crack propagation via fiber bridging. As can be seen 

in Figure 4.6.14, the GIc values did not show an increasing tendency with the 

delamination length. Figure 4.6.15 shows the SEM images of nPVA composites. The 

nPVA composites exhibited more complex and rough surfaces as compared to reference 

specimens Figure 4.6.14(a).  The PVA nanofibers within the epoxy matrix can be seen 

in Figure 4.6.14(b). Additionally large amount of PVA nanofibers were remained in the 
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epoxy matrix instead of participating fiber bridging which would led to significant 

improvement in Mode-I fracture toughness.  
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Figure 4.6.13. Load-displacement curves of nPVA composite specimens under Mode-I 

loading. 
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Figure 4.6.14. GIC vs. delamination length of nPVA composite specimens. 
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Figure 4.6.15. SEM images of fractured surfaces of nPVA composite specimens. 

 

Figure 4.6.16 and Figure 4.6.18 show load-displacement curves of the nPA66-

AWD-0.525 and nPA66-AWD-1.05 composite specimens under Mode-I loading, 

respectively. The average maximum load (Fmax) values were determined as 16.42±0.21 

N and 21.0±1.09 N and for the nPA66-AWD-0.525 and nPA66-AWD-1.05 composite 

specimens, respectively. As compared to reference specimens, the average maximum 

load values were increased from 14.5 N to 16.4 N for the nPA66-AWD-0.525 and from 

14.4 N to 21.0N. This corresponds to 13 and 45 % increase in the load values for the 

nPA66-AWD-0.525 and nPA66-AWD-1.05 respectively. Also, it was noteworthy that 

the maximum load values were found to be increased with the increase of nanofiber 

AWD values. The displacement values of the nPA66 specimens were higher than the 

reference specimens. The increase in both force and displacement values is an 

indication of higher delamination resistance as compared to reference specimens. The 

load-displacement curves of the specimens were jag-shaped as in the case of reference 

specimens. However, nPA66 specimens experienced many small-load drops during the 

crack propagation. The reason for that was the crack in the nPA66 modified specimens 

traveled much more slowly in the interlaminar region as compared to the reference 

specimens. Therefore, it can be said that the addition of PA66 nanofibers in the 

interlaminar region led to more stable crack propagation than the reference specimens.  
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Figure 4.6.16. Load-displacement curves of nPA66-AWD-0.525 composite specimens 

under Mode-I loading. 
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Figure 4.6.17. GIC vs. delamination length of nPA66-AWD-0.525 composite specimens. 
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Figure 4.6.18. Load-displacement curves of nPA66-AWD-1.05 composite specimens 

under Mode-I loading. 
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Figure 4.6.19. GIC vs. delamination length of nPA66-AWD-1.05 composite specimens. 

Figure 4.6.17 and Figure 4.6.19 show GIC data vs. delamination length graphs of 

the nPA66-AWD-0.525 and nPA66-AWD-1.05 composite specimens, respectively. For 
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the composites with 0.525 g/m
2
 PA 6/6 nanofiber coating, the initiation and propagation 

Mode-I fracture toughness values were determined as 0.255 and 0.296 kJ/m
2
; 

respectively. This corresponds to about 28 and 24% improvement of those values, 

respectively, as compared to those for reference specimens. For the composites 

containing nanofibers with AWD of 1.05 g/m
2
, the initiation and propagation values 

were found to be 0.298 and 0.358 kJ/m
2
 which corresponds to 50 and 51% improvement 

in Mode-I fracture toughness. The maximum GIC values for the nPA66-AWD-0.525 and 

nPA66-AWD-1.05 composite specimens were determined as 0.348 and 0.425 kJ/m
2
 

respectively. The increase in the maximum GIc values was 13 and 37% for the nPA66-

AWD-0.525 and nPA66-AWD-1.05 composite specimens, respectively. These results 

clearly show that due to the presence of nanofibers within the composites, the Mode-I 

fracture toughness properties are improved significantly. This can be associated with the 

enhanced bridging mechanism promoted by PA66 nanofibers within the interlaminar 

region.  

 

 

Figure 4.6.20. SEM images of Mode-I fractured surfaces of nPA66 interleaved 

composite specimens. 
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Figure 4.6.20 shows SEM images of Mode-I fractured surfaces of nPA66 

interleaved composite specimens. Compared to reference specimens, the nPA66 fracture 

surfaces exhibits a combination of smooth and deformed regions (deformation of the 

matrix material and PA 66 nanofibers) as seen in Figure 4.6.20(a).  
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Figure 4.6.21.Initiation Mode-I fracture toughness (GIC) of composite test specimens 

Figure 4.6.20(b) shows the deformed PA 66 nanofibers within the matrix. PA 66 

nanofiber imprints within the matrix can be also seen in this figure. Deformed PA66 

nanofiber can be seen in Figure 4.6.20(c). During the tests, thousands of thousands 

PA66 nanofibers resisted to crack propagation which resulted in improved Mode I 

fracture toughness. The SEM images support the hypothesis of more stable crack 

propagation in the nPA66 interleaved composites. The main toughening mechanisms 

were crack deflection and fiber bridging in the interlaminar region observed in the 

nPA66 interleaved specimens. The fiber bridging kept the carbon plies together and led 

to a significant improvement in the crack opening forces. Plastic deformation of the 

PA66 nanofibers also improved the energy absorbing capacity of the composites. When 

the crack encounters with an obstacle such as PA66 nanofibers in this case, significant 

amount of energy is necessary to deform PA66 nanofibers. The improved matrix 

property due to good chemical interaction between the PA66 nanofibers and epoxy 
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matrix was the other reason for the improved delamination resistance. Figure 4.6.21 and 

Figure 4.6.22 summarizes the initiation and propagation Mode-I fracture toughness of 

reference and interleaved composite specimens. 
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Figure 4.6.22. Propagation Mode-I fracture toughness (GIC) of composite test specimens 

 

4.7. Effects of interleaf materials on thermomechanical behavior of 

CF/EP composites 

The glass transition temperature (Tg) of composite specimens were presented in 

Table 4.2. The Tg of reference composites was determined as 95.55
o
C.  The Tg of the 

micro and nano modified composite specimens was determined as in the range of 95-

96
o
C. Therefore, it can be concluded that the micro and nano interleaf materials retained 

the glass transition of the composites and caused no significant change in the Tg values. 

Figure 4.7.1 shows storage and loss modulus of the reference and interleaved composite 

specimens. The storage modulus is the elastic response of the material and the loss 

modulus measures the energy dissipated as heat. The results showed that the storage 

modulus decreased with the incorporation of micro-scaled nonwovens in the 
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interlaminar region of composites. The decrease in storage modulus was about 21, 26 

and 31% for m-AR, m-PA66-17 and m-PA66-50 composite specimens respectively. 

This is due to fact that the interleaf material gives more flexibility resulting in the low 

stiffness and low storage modulus. These results were consistent with the results of 

three-point bending test results. The micro-scaled interleaf materials reduced the 

flexural modulus and strength values as shown in Section 4.3. 

Table 4.2. Glass transition temperature (Tg) of composite specimens 

Code 
Glass transition 

temperature (Tg, 
o
C) 

Reference 95.55 

m-AR 96.10 

m-PA17 96.37 

m-PA50 96.25 

nPVA 95.20 

nPA66-AWD-0.525 96.16 

nPA66-AWD-1.05 95.93 
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Figure 4.7.1. Storage and loss modulus of composite test specimens 
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Loss modulus represents the response of viscoelastic behavior of a material. It 

represents composite’s ability to disperse mechanical energy via intermolecular 

motions. It was observed that the loss modulus of the composites decreased with the 

incorporation of micro-scaled nonwovens in the interlaminar region of composites. The 

decrease in loss modulus was about 10, 25 and 22% for m-AR, m-PA66-17 and m-

PA66-50 composite specimens respectively. The addition of microfibers into 

interlaminar region of composite increases the flexibility and decreases the viscosity. 

Therefore, less energy is necessary to overcome the frictional forces between molecular 

chains as to decrease mechanical loss.  

On the other hand, as compared to micro-scaled nonwoven interleaved 

composites, the nanofibers had a positive effect on the storage and loss modulus of the 

composites. In other words, the ability to store energy and impact absorption of 

composites increased with the incorporation of nanofibers in the interlaminar region of 

composite. The increase in the storage modulus can be associated with the efficient 

stress transfer at the interface between nanofibers and epoxy matrix. These results were 

also consistent with the results of three-point bending test results obtained for nanofiber 

interleaved specimens. 

Figure 4.7.2 shows tanδ (peak) values of the reference and interleaved 

composite specimens. tanδ (peak) represents the mechanical damping efficiency of a 

material. The tanδ (peak) values were determined as 0.492, 0.6477, 0.5676 and 0.5474 

for reference, m-AR, m-PA66-17 and m-PA55-50 composites, respectively whereas the 

tanδ (peak) values were determined as 0.504, 0.5249, 0.5435 for nPVA, n-PA66-ADW-

0.525 and n-PA66-ADW-1.05 composites, respectively. Therefore, it can be concluded 

that the mechanical damping efficiency increased with the addition of interleaf materials 

in the interlaminar region of composites. Moreover, the nanofiber interleaved specimens 

were more effective in terms of higher damping ability considering the AWD values. 
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Figure 4.7.2. tanδ (peak) values of composite test specimens 

 

4.8. Comparison of interleaf materials on the mechanical performance 

of CF/EP composites 

A comparison of m-AR and m-PA66 interleaving system and the other systems 

reported in the literature is shown in Table 4.3. It was obvious that the most effective 

interleaf material was m-PA66 in terms of Mode-I fracture toughness. The effectiveness 

of nonwoven interleaving system depends on the ability of fiber bridging of the 

nonwovens. If the microfibers remain inside in the epoxy matrix and not pull-out from 

the matrix, the improvement in Mode-I fracture toughness was not significant. For 

instance, although carbon fibers were much stronger than the others, these fibers 

showed no fiber bridging and remained inside the epoxy matrix therefore no significant 

improvement was obtained in Mode-I fracture toughness. Another important 

observation was that if the crack jumped to the relatively weak fiber/matrix interface 

instead of propagating in nonwoven/nonwoven interface (fiber bridging occurs), the 

improvement was very small as in the case of PET interleaving. 
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It was also seen that increasing AWD values led to higher Mode-I fracture 

toughness. This is due to the fact that higher amount of veil fibers provide a higher 

extend of fiber bridging that occurs behind the crack fronts and contributes to the 

interlaminar fracture toughness. However, the increase in the thickness of nonwovens 

increases the possibility of the crack-jump to the weak interface therefore the optimum 

thickness of nonwovens should be selected in engineering structure.  

As compared to mechanical and material approaches used for delamination 

toughening, the Mode-I fracture toughness values achieved by using this m-PA66 

interleaving system were found to be much higher than those methods such as Z-

anchoring and epoxy toughening using micro/nano fillers. The incorporation of PA66 

nonwoven veils also increased the ILSS and Charpy impact strength of the composites 

by 25 and 15%, respectively. Therefore, it can be concluded that PA66 interleaving 

system has the highest potential among the other micro-interleaving systems. Although 

this interleaving system reduced in-plane mechanical properties such as tensile and 

flexural strength, it can be used in structural applications subjected to out-of-plane 

loading in service for improved delamination resistance with minimal cost, and reduced 

health and safety issues. Additionally, instead of using in the whole composite structure, 

critical areas with high stress concentrations such as near holes, notches and sharp 

corners can be interleaved with aramid and PA66 nonwoven veils for better 

delamination resistance. 

The results showed that the addition of aramid nonwovens increased some of the 

mechanical properties of existing CF/EP composites such as interlaminar shear and 

Charpy-impact strength. However the improvement in Mode-I fracture toughness values 

were moderate (about 45%) as compared to PA66 nonwovens. Even though aramid 

fibers are much stronger than PA66 fibers, most of these fibers are not pulled out from 

the matrix which causes moderate increase in Mode-I fracture toughness. Similar results 

were reported in the literature for the aramid and carbon nonwoven interleaved 

composites. 
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Table 4.3. Comparison of the effectiveness of various microfiber interleaving systems 

Reference Composite 

system 

Interleaf 

material 

Areal weight 

density (g/m
2
) 

Mode-I fracture 

toughness 

(% increase) 

 

This study CF/EP AR 8.5 45 

This study CF/EP PA66 17/50 168/708 

[64] CF/EP CF 12 28 

[90] CF/EP PEEK
1
 11 102 

[90] CF/EP PPS
2
 40 133 

[63] CF/BMI
3
 AR

4
 16 108 

[91] CF/ BE
5
 PA 34 352 

[59] GF/VE PA 17 90 

[60] GF/VE PET 45 12 

[61] GF/PE PA 17 170 

[62] GF/PE PU 15 40 

[92] CF/EP PE 20 83 

1
PEEK: Polyether ether ketone, 

2
PPS: Polyphenylene sulfide, BMI: bismaleimide, 

4
AR: 

aramid, 
5
Benzoxazine. 

Table 4.4 summarizes a comparison of the nanointerleaving results obtained 

within the present study and reported in the literature by other groups. As can be seen 

from Table 4.4, although PVA nanofibers led to an increase some of the in-plane 

mechanical properties, they do not have a positive effect on the Mode-I fracture 

toughness. On the other hand, PA 66 nanofiber interleaving is a promising technique for 

improving Mode-I fracture toughness of carbon fiber/epoxy composites without 

sacrificing the in-plane mechanical properties of those composites. Although Moroni et 

al. [93] reported a decrease in Mode-I fracture toughness values due to the presence of 

PA 66 nanofibers, other researchers revealed that it was possible to improve Mode-I 

fracture toughness values by selecting an optimum electrospinning parameters such as 

time or nanofiber areal weight. As results of the work by Daelemans et al. [82] and 

Beckermann et al. [94], it was shown that PA 66 nanofiber interleaving is an effective 

way for improving Mode-I fracture toughness when the nanofiber areal weight was 

between 0.5 and 9.0 g/m
2
. Beckermann et al. [94] also revealed that there is a direct 

relationship between the AWD and Mode-I fracture toughness. Similar results were also 
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obtained in this study for n-PA66 interleaf material. The increase in AWD values 

increased the Mode-I fracture toughness. Beckermann et al. [94] also showed that the 

effectiveness of the PA 66 nanofibers reached to a maximum of Mode-I fracture 

toughness when the AWD was 4.5 g/m
2
. In the previous studies focused on the PA 66 

nanofiber interleaving, the average nanofiber diameter obtained was within the range of 

150-200 nm. In the present work, the average diameter of the nanofibers produced was 

87 nm and nanofiber AWD values were lower than those reported in the literature. As 

stated by Palazetti [95], thinner nanofibers led to more significant improvement in 

Mode-I fracture toughness. Based on these findings, it can be concluded that the present 

results are relevant with the findings reported in the literature. It can be also concluded 

that although it is possible to obtain AWD values greater than 2 g/m
2
, a relatively long 

nanofiber coating durations may not be feasible and not applicable in industrial scale. 

The electrospinning parameters need to be optimized for feasible production and critical 

improvements in mechanical behaviour of the composites. Furthermore, recent studies 

also focused on the improvements of the mechanical performance of electrospun 

nanofibers. Xiang and Frey [96] revealed that the strength of the electrospun PA66 

nanofibers can be increased significantly by incorporating 1 wt % carbon nanotubes 

(CNTs) into the fiber structure. The authors showed that Young’s modulus, tensile 

strength, and toughness of the PA non-woven fiber mats increased 51, 87, and 136%, 

respectively, after incorporating 1 wt % CNTs into the PA66 nanofibers. Moreover, 

techniques such as thermal or solvent bonding may be tried to improve mechanical 

properties of the PA66 nanofibers. Therefore, among the other techniques, the nanofiber 

interleaving has significant potential for improving delamination resistance of 

composites. The transition of the nanofiber-interleaving technique into commercial 

products has already started, and now the first commercial supplies of thermoplastic 

nanoveils are on the market. 

It was also shown in Table 4.4 that the presence of PA 66 nanofibers are also 

effective for improving in-plane mechanical properties such as flexural strength, 

flexural modulus and compressive strength of carbon fiber/epoxy composites. As 

compared to micro-scaled nonwovens, it is possible to increase delamination resistance 

without sacrificing in-plane mechanical properties of existing CF/EP composites using 

nano-scaled nonwovens in the interlaminar region. Generally, higher toughness comes 
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with the lower strength because there is an inverse relationship between toughness and 

strength. The ability to improve fracture toughness without compromising in-plane 

mechanical properties makes the thermoplastic nanofiber interleaving technique unique 

compared to the other techniques in the literature. Moreover, it was shown that the in-

plane mechanical properties of composites could be improved using very low amount of 

nanofibers in the same time. 

One of the key factors in nanofiber interleaving technique is the selection of 

polymer type for electrospinning. If the purpose of electrospun interleaving is to 

improve Mode-I fracture toughness together with an in-plane mechanical property such 

as compressive strength, PA66 nanofibers would be a good choice. However, as can be 

seen in Table 4.4, the PA 66 nanofibers were found not to be very effective for 

improving flexural strength and modulus of carbon fiber/epoxy composites as compared 

those obtained with the PAN interleaving as reported by Herwan et al. [75] and Molnar 

et al [97]. This can be explained by the fact that the higher elastic modulus of PAN 

nanofibers (7.6 GPa, [75]) than PA 66 nanofibers (0.9-1.2 GPa, [75]). On the other 

hand, PA66 nanofibers were more effective than PAN nanofibers in terms of absorption 

of impact energy. Therefore, it is very important to select the correct polymer type with 

optimum areal weight density to obtain desired mechanical performance. The areal 

weight density, in other words, nanofiber layer thickness directly affects the mechanical 

performance of the composites.  

Although higher nanofiber thickness means higher amount of nanofibers that 

will be participated in fiber bridging mechanism in crack propagation, it will definitely 

reduce the primary reinforcement volume fraction. Consequently, the in-plane 

mechanical properties will be influenced adversely. Moreover, the increase in 

electrospinning duration may cause undesired nanofiber morphology such as beads and 

droplets in the resulting laminate due to possible changes in temperature and humidity 

during electrospinning process. Also, the increase in electrospinning duration is not 

feasible in terms of commercialization of thermoplastic nanofiber interleaving 

technique. Therefore, the next step can be applying possible techniques to obtain these 

nanofibers with optimum mechanical properties. It was also observed that the 

uniformity of nanofiber coating was very important to obtain sufficient improvement in 
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mechanical performance of composites. Also, non-uniform distribution of nanofibers in 

the interlaminar region may cause inconsistent results (higher standard deviations) and 

false judgements about their effects on the mechanical behaviour of fiber reinforced 

composites.   

Table 4.4. Comparison of the effectiveness of various nanofiber interleaving systems 

(*NR: not reported) 

Reference 

Average 

nanofiber 

diameter 

(nm) 

Areal weight 

density(g/m
2
) 

Nanofiber 

material 

 

Property 

Improvement 

or reduction 

(%) 

This study 329±58 0.71 PVA 

Tensile strength +7 

Flexural strength +16 

Compressive 

strength 
+5 

ILSS -4 

Charpy impact 

strength 
+11 

Mode-I fracture 

toughness 
-17 

This study 87±22 0.525 /1.05 PA 66 

Tensile strength -9.8 

Flexural modulus +15.6 

Flexural strength +12.8 

Compressive 

strength 
+15 

ILSS +9.6 

Charpy impact 

strength 
+18 

Mode-I fracture 

toughness 
+50 

[75] 150 NR* PAN** 
Flexural strength +55 

Flexural modulus +20 

[76] 300 NR* P(St-co-GMA) Tensile strength +14 

[82] 158±19 3.0 PA 6/6 
Mode-I fracture 

toughness 
+40 

[93] 150 ± 20 NR PA 6/6 
Mode-I fracture 

toughness 
-17 

[94] 150-300 4.5 PA 6/6 
Mode-I fracture 

toughness 
+156 

[98] 170±30 NR PA 6/6 
Mode-I fracture 

toughness 
+50 

[97] 195±46 1.0 PAN 

Flexural strength +54 

Flexural modulus +21 

ILSS +11 

Charpy impact 

strength 

+13 
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CHAPTER 5  

 

FINITE ELEMENT MODELING OF CF/EP COMPOSITES 

INTERLEAVED BY ELECTROSPUN PA 66 NANOFIBERS 

 

5.1. Delamination analysis using ANSYS 

There are two techniques in ANSYS to simulate the behavior of crack that will 

propagate along a known path [99]: 

— Cohesive zone model (CZM) 

— Virtual crack closure technique (VCCT) 

These techniques are commonly used for the modeling of delamination in 

composite structures, since the crack is assumed to propagate at the interface between 

layers. Both techniques use special elements (interface or contact) along a predefined 

interface to model the delamination of cracks. 

In this study, cohesive zone modeling was used to simulate behavior of 

reference and PA66 nanomodified composite specimens under Mode-I loading.  

 

5.2. Cohesive zone modeling 

The cohesive zone approach can be explained using a detail view of the crack tip 

shown in Figure 5.1. The crack has a process zone acting as a transition region between 

traction free and the intact region of the bulk material. This region, also called outer 

region, has a different non-linear profile whereas the traction free part is named as inner 

region. The process zone was shown by set of springs to denote the existence of 

cohesive forces which result in a unique traction profile at the crack edge. The cohesive 
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tractions between the crack surfaces correspond to the resistance to crack propagation. 

Under external loading, the atomic structure of a material changes and is reflected as 

variations in the cohesive traction. Up to a certain amount of separation between the 

adjacent surfaces, the cohesive traction shows an increasing trend. After a critical separation 

is reached, the cohesive traction starts to decrease towards zero. When the interfacial 

tractions diminish, the cohesive surfaces begin to separate with each other. The stress state 

between the cohesive surfaces obeys according to certain material softening law, which is 

called the cohesive law, or the traction-separation law [100]. 

 

 

Figure 5.2.1. Bonding and debonding in the process zone [101]. 

The traction-separation relation for a mode-I crack is generally characterized 

using a scalar surface potential Φ by setting [101]; 

n

n

T





              (1) 

where Tn denotes continuum normal traction and Δn is the normal separation 

between two surfaces of cohesive zone. The surface potential Φ actually represents the 

energy needed to separate the interface, i.e. separation between two surfaces of cohesive 

zone. If a proper potential function Φ is available, the constitutive equation between the 

cohesive traction and the relative separation can be derived. A large variety of proper 

function has been described in literature such as (a) polynomial, (b) piece-wise linear, 

(c) exponential and (d) rigid-linear. 
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There are basically two approaches to develop a cohesive law: (i) experimental 

measurements or (ii) phenomenological way with predefined functional assumption and 

estimated parameters. Since there is no effective experimental method available to 

directly determine the traction–separation relation, in this study, the latter approach was 

used. The proper law of the traction–separation relation for the cohesive zone was 

selected and the cohesive parameters were treated as modeling constants. The cohesive 

parameters were determined by fitting the CZM simulation results to the set of 

experimental data [100]. 

There are two types of elements capable of using a CZM material model in 

ANSYS [102].  

(i) Interface elements: They can occupy a finite thickness between the two surfaces 

that they join or they can have zero thickness. In any cases, the contact between the two 

surfaces is known before the analysis and the surfaces are thus joined by the interface 

elements. 

(ii) Contact elements: have zero thickness and can detect contact, separation, 

penetration, and slip between a contact surface and a target surface. The CZM model 

can be used only with bonded contact. 

In this study, for the interface, TARGE169 elements were employed with its 

associated contact surface element (CONTA171). PLANE182 elements were used for 

2-D modeling of composite specimens. PLANE182 is defined by four nodes having two 

degrees of freedom at each node: translations in the nodal x and y directions. 

CONTA171 has two degrees of freedom at each node: translations in the nodal x and y 

directions.  

 In order to reduce the computational cost of 3D simulation computational time, 

all numerical simulations were carried out under plane-strain assumptions. In plane-

strain, the applied forces act in the x-y plane and do not vary in the z-direction. The 

strains are independent of the out-of-plane coordinate. The loads are uniformly 

distributed with respect to the large dimension as in the case of Mode-I fracture 

toughness test.  
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5.3. FEM model 

In order to verify numerical model used in this study, a DCB problem was taken 

from the literature and the obtained results were compared with the published results. 

The dimensions of the DCB specimen were 100 mm (length) ×20 mm (width). The 

specimen was composed of four unidirectional plies with a total thickness of 3 mm. The 

initial crack (a) was inserted 30 mm away from the loaded edge. Table 5.1 shows 

material properties of the composite specimen.   

Table 5.1. Material properties of composites used for verification 

 Value 

E1 (GPa) 135.3 

E2 (GPa) 9.0 

G12 (GPa) 5.2 

v12 (-) 0.26 

Figure 5.3.1(a) shows the mesh structure of the composite specimen. In total, 

2280 elements and 2406 nodes were used to create FEM model of the composite 

specimen. Boundary and loading conditions were as follows; the right end of the beam 

is fixed and a constant displacement of 10 mm is applied on left edges of the beam as 

shown in Figure 5.3.1(b). Figure 5.3.2 shows von-Mises stress distribution in the 

specimen obtained from the numerical analysis. As expected, the stress values reach the 

maximum value at the crack tip. Table 5.2 shows the comparison of the obtained FEM 

results with the literature. It can be seen that very close agreement were found.  

 

(a) 

 
(b) 

Figure 5.3.1. (a) Mesh structure and (b) boundary and loading conditions 
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Figure 5.3.2. von-Mises stress distribution in DCB composite specimen 

The FE model was extended to simulate the behavior of reference specimens 

under mode-I loading. To simulate the experiments, the dimensions of the model were 

changed as 137.5x25x1.2 mm. The numerical data were compared with the pre-cracked 

test results. Therefore, the length of initial crack was considered as 53 mm. The material 

properties were taken from Chapter 4 and entered directly to the FEM model. The mesh 

structure, loading and boundary conditions were kept the same as in the verification 

case. The cohesive zone parameters were changed to fit the CZM simulation results to 

the set of experimental data.  

Table 5.2. Comparison of experimental and numerical results 

 Max Force 

FY (N) 

End Reaction 

force FY (N) 

Von-Mises 

Stress 

(MPa) 

Reference [102] 60.09 24.00 305.23 

This study 58.59 24.07 305.96 
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5.4. Comparison of experimental and numerical results 

Figure 5.4.1 shows comparison between experimental results and cohesive zone 

model response in the case of reference specimens. The FE model predictions were in 

reasonable agreement with the experimental test data although the predicted maximum 

force values were little lower than those of the experiments. The predicted maximum 

force was 12.5 N whereas the average maximum load of the reference specimens was 

14.4 N. The numerical error was about 13% which could be reduced by tuning the 

cohesive zone parameters. However, the correct prediction of Mode-I fracture 

toughness is more important than the accuracy of maximum load prediction. Therefore 

the cohesive zone parameters were adjusted to obtain highest accuracy in fracture 

toughness values. The cohesive zone parameters were as follows; the maximum contact 

stress (σmax), critical fracture energy density (Gcn)  and artificial damping coefficient (η) 

were 25, 0.25 and 0.0001; respectively.  
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Figure 5.4.1. Comparison between experimental and cohesive zone model in the case of 

reference specimens 
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(b) 

Figure 5.4.2. Comparison between experimental and cohesive zone model in the case of 

n-PA66-AWD-0.525 specimens (a) initial and (b) propagation stage 
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(b) 

Figure 5.4.3. Comparison between experimental and cohesive zone model in the case of 

n-PA66-AWD-1.05 specimens (a) initial and (b) propagation stage 
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Figure 5.4.2 and Figure 5.4.3 show the numerical results of n-PA66-AWD-0.525 

and n-PA66-AWD-1.05 composite specimens. The initial and propagation stages of the 

PA66 nanomodified specimens were predicted with two different bilinear cohesive zone 

models. Table 5.3 shows the cohesive zone parameter values for each specimen. The 

results of two different cohesive zone models were superposed to calculate the Mode-I 

fracture toughness of the composite specimens. The area under the curves was used to 

determine the Mode-I fracture toughness values of the specimens. Table 5.4 presents the 

numerical Mode-I fracture toughness values with comparison of experimental data. It 

can be said that the numerical predictions were good agreement with the experimental 

results. The numerical error in the analyses was in the range between 3-7%.  

Table 5.3. Cohesive zone parameters used for numerical modeling of nanomodified 

composite specimens 

n-PA66-AWD-0.525 composite specimens 

 σmax Gcn η 

Initial stage 40 0.50 0.0001 

Propagation stage 25 0.25 0.0001 

n-PA66-AWD-1.05 composite specimens 

 σmax Gcn η 

Initial stage 85 0.65 0.0001 

Propagation stage 40 0.50 0.0001 

 

Table 5.4. Comparison of numerical and experimental Mode-I fracture toughness values 

for reference and PA66 nanomodified specimens 

Specimens 

Numerical Mode-I 

fracture toughness 

(kJ/m
2
) 

Experimental 

Mode-I fracture 

toughness (kJ/m
2
) 

% Numerical 

error 

Reference 0.258 0.240 7.5 

n-PA66-AWD-0.525 0.306 0.295 3.73 

n-PA66-AWD-1.05 0.380 0.358 6.14 
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CHAPTER 6  

 

CONCLUDING REMARKS AND FUTURE WORK 

 

6.1. Conclusions 

Over the past decades, fiber reinforced composites have been used in many 

engineering applications ranging from trivial, industrial products such as boxes and 

covers produced in enormous numbers each day, to pipelines and crucial, load bearing 

parts of large structures. Performance of these materials is tailored to the requirements 

of the costumers by selecting the reinforcement and matrix materials, changing the fiber 

architecture or modifying the fiber-matrix interface.  

Recently, there has been a growing demand for higher performance composites 

than those currently in the market. Therefore, researchers are seeking to find out the 

ways to improve mechanical performance of existing fiber reinforced composites.  

Nanocomposites in which nanomaterials (nanofibers, nanoparticles etc.) are used for the 

reinforcement purpose offer new solutions to enhance the mechanical properties of 

these fiber reinforced composites. 

In the case of laminated composites, delamination, the separation of adjacent 

layers due to weakening of interface layer, is the most common failure mode when they 

subjected to impact or fatigue loading. It is caused by high interlaminar stresses in 

conjunction with the typically very low through-thickness strength. A number methods 

to improve delamination resistance (fracture toughness) have been developed and 

evaluated over the years such as matrix toughening with nanomaterials, laminate 

stitching, interleaving, optimization of ply sequence, critical ply termination etc.   

Thermoplastic nanofibers produced by electrospinning technique are considered 

as the promising interleaf materials to reinforce the interlaminar region of laminated 

composites. The idea comes from the fact that structural failure occurs in critical areas 

where the matrix is not reinforced and high stress concentrations are highly localized. 
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The incorporation of an entangled nanofiber layer improves interlaminar fracture 

toughness like the “hooks and loops” in Velcro. Electrospun nanofibers are obtained in 

the form of nonwoven mats that uniformly distributed in the polymer matrix. Very low 

amount of nanofibers in the interlaminar region cause no significant change in the 

thickness and primary reinforcement fiber volume fraction of the resulting laminate.  

This study aims to compare the effects of micro and nano-scaled nonwoven 

interleaf materials on the mechanical behavior of CF/EP composites. Different types of 

interleaf materials such as aramid and PA 66 nonwovens composed of microfibers and 

PVA and PA66 nonwoven mats produced by electrospinning were used to improve 

mechanical performance of CF/EP composites.  

Different types of micro-scaled nonwovens such as carbon, aramid, polyester, 

PA66 are available in the market. Aramid is less studied material among the others. 

PA66 nonwovens were selected to be compared with the PA66 nanofiber interleaving.  

PVA nanofibers were chosen as one of the nano interleaf materials because PVA is a 

cheap, water-soluble, odorless and non-toxic polymer. There were no published studies 

in the literature about the effects of PVA nanofibers on the mechanical properties of 

CF/EP composites. PA66 nanofibers were selected due to the following reasons; they 

are relatively cheap, dissolves easily in a wide range of solvents and have better 

mechanical properties compared to other polymers. Their melting point is higher than 

the curing temperature of most of the matrices which makes the polymer 

morphologically stable in the resulting laminate. The effects of areal weight density of 

these nonwovens on the mechanical properties of these composites were investigated. 

Thermomechanical behavior of CF/EP composites with/without interleaf materials was 

determined via Dynamic Mechanical Analysis (DMA). SEM analysis was used to 

investigate the morphology of nonwovens, fracture surfaces of the composite specimens 

and deduce the toughening mechanisms. Finite element analyses were carried out to 

predict the CF/EP composites interleaved by electrospun PA66 nanofibers. 

The results showed that aramid nonwovens were moderately effective in 

improving the Mode-I fracture toughness. The increase in average Mode-I fracture 

toughness was about 45% as compared to reference composite specimens. The addition 

of these nonwovens led to an increase about 14 and 13% in the interlaminar shear and 
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Charpy impact strength values, respectively. However, in-plane mechanical properties 

were adversely affected by addition of these nonwovens. Tensile, flexural and 

compressive strength values decreased 13, 7 and 10%; respectively. Additionally, the 

damping ability of the composites increased with the incorporation of aramid 

nonwovens. On the other hand, commercial PA66 nonwovens were much more 

effective than the aramid nonwovens in terms of Mode-I delamination resistance. The 

Mode-I fracture toughness increased almost seven times as compared to reference 

specimens. Most of the aramid microfibers remained inside the polymer matrix and did 

not participate in fiber bridging whereas large amount of PA66 microfibers kept the 

carbon plies together and led to significant increase in Mode-I fracture toughness. As in 

the case of aramid nonwoven interleaved composites, PA 66 nonwovens caused a 

significant reduction in in-plane mechanical properties. With the addition of PA66 

nonwovens with an ADW value of 50 gsm, tensile, flexural and compressive strength 

values decreased 41, 28 and 14%; respectively. The reasons for decrease in micro-

scaled interleaving were reduced fiber volume fraction, increased thickness and void 

formation during the composite manufacturing. Higher amount of microfibers in the 

interlaminar region caused higher reduction in in-plane mechanical properties of CF/EP 

composites. 

On the contrary, in the case of nano-scaled interleaving, more promising results 

were obtained regarding the in-plane mechanical properties of composites.  The results 

showed that the use of electrospun nanofibers could increase some of in-plane 

mechanical properties of composites. The incorporation of PVA nanofibers increased 

tensile, flexural and compressive strength by 7, 16, 11% respectively. Charpy impact 

strength was also increased by 11%. PVA nanofibers reduced Mode-I fracture 

toughness about 17%. The reason for this decrease can be attributed to low mechanical 

strength of these nanofibers and their lack of ability to keep carbon plies during the 

tests. Additionally, they prevented fiber bridging occurred between carbon plies which 

resulted in lower fracture toughness. It was observed that PA 66 nanofibers were more 

effective in terms of mechanical performance of CF/EP composites as compared to 

PVA nanofibers. Although these nanofibers reduced tensile strength of the composites, 

they led to significant increase in in-plane mechanical properties of the composites. The 

flexural and compressive strength increased about 13 and 15% respectively. Also, the 
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interlaminar shear and Charpy impact strength increased by 10 and 18% respectively. 

Interlaminar fracture toughness was improved about 50% with the addition of PA66 

nanofibers. Another important observation was that the positive effect of the nanofibers 

increases with increasing areal weight density of the nanofibers.  

Numerical studies showed that it was possible to simulate nanofiber interleaved 

specimens with cohesive zone modeling approach. The bilinear CZM model was used 

to simulate reference specimens under Mode-I loading. However, nanomodified 

specimens behaved differently due to nanofiber bridging occurred in Mode-I fracture 

toughness tests. Therefore two different bilinear CZM models were used to simulate the 

nanomodified composite specimens so that the material parameters were adjusted to 

predict the maximum force at the initial stage and propagation fracture toughness of the 

composites. The numerical results showed good agreement with the experimental 

results. 

 

6.2. Future work 

The use of thermoplastic electrospun nanofibers as a secondary reinforcement 

offers great potential to improve the delamination and impact resistance without 

compromising in-plane mechanical properties of CF/EP composites. Moreover, these 

nanofibers may lead to an increase in tensile, flexural and compressive strength 

depending on the polymer type and nanofiber mat thickness. A solid knowledge has 

been gained on this topic and the transition of the nanofiber-interleaving technique into 

commercial products has already started. Now, the first commercial supplies of 

thermoplastic nanofiber nonwoven mats are on the market. However, some problems 

related to this technique such as costs, low production rate, low repeatability are needed 

to be solved. Also, there is still some distance from of a full understanding of this 

technique to provide wider range of application.  

From a research point of view, there are certain gaps to be filled in terms of clear 

understanding the behavior of nanomodified composites; 
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 The effects of nanofiber interleaving technique on aramid fiber 

reinforced composites are still unknown. 

 The effects of temperature and humidity aging on nanointerleaved 

composites can be investigated. 

 The behavior of nanomodified composites under static Mode-I and 

Mode-II loading is one of the most-widely studied topics in this field. 

However, fatigue behavior of nanomodified GFRP composites still 

remains as an open question in the literature. Fatigue crack growth in 

these composites under Mode-II loading has still several gaps due to the 

difficulty of addressing crack propagation mechanisms in sliding mode. 

 The impact and post-impact behavior of nanomodified composites 

depends on many parameters such as thickness, lay-up sequence, number 

of interlayers, velocity of the impactor etc. To reveal the effects of these 

variables, the impact response of nanocomposites is needed to be studied 

and understood. In this context, tensile after impact (TAI) and 

compression after impact (CAI) behavior of nanomodified composites 

could also be investigated.  

 The studies on the vibration characteristics of nanomodified composites 

are still in the primitive stage and further research needs to be done. If 

nanofibers are shown to be effective to reduce or tune the free vibration 

response of a structure, it will certainly make a significant positive 

impact on their application in industry. 

 Persistent efforts to improve manufacturing techniques and reduce the 

electrospinning time by using different types of hybrid nanofibers in the 

interlaminar region should be made to integrate this technique into 

existing production lines. Further studies are also needed to understand 

the cost benefit analysis of using electrospun nanofibers as a secondary 

reinforcement material. 

 Another direction would be to assess the performance of nanointerlayer 

toughening combined with the other traditional improvement techniques 

such as z-pinning and stitching. This could reduce their negative effects 
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on the in-plane mechanical properties of fiber reinforced composites with 

the highest improvement in fracture toughness. 

 The addition of healing substances into electrospun nanofibers ensures 

their homogenous distribution throughout the matrix material. This will 

contribute to a feasible and economic fabrication of self-healing 

composites. 
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