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ABSTRACT 

IMPROVING JOINING PERFORMANCE OF COMPOSITES 
BY ELECTRO-SPINNING OF NANO FIBERS 

 
  Mechanical joints (screws, rivets, etc.)  traditionally used in composite materials 

(screws, rivets, etc.) increase weight and act as a stress collector, causing serious 

delamination problems. On the other hand, development of alternative joining techniques 

has become an important alternative in the composite industry due to their sensitivity to 

corrosion, electromagnetic properties/radar absorption properties, labor cost, and adverse 

effects on the manufacturing process. 

 In this thesis, the effects polyamide 66 (PA 66) nanofiber coatings, applied on two 

different prepreg systems (UD and woven) on the mechanical properties of the joint 

region were investigated. Moreover, the  microstructures of the produced PA66 

nanofibers were investigated. The produced nanofibers were directly coated on the bond 

zone layer (top surface) of the carbon prepregs. The reference and nanofiber coated 

prepregs were laminated and cured using  hot  pressing method,  and  then  the laminated 

layers were joined together using with the secondary bonding method employing  

FM300K  film  adhesive  under a hot press. Tensile, compression, bending, shear, charpy-

impact and double cantilever beam (DCB) tests were performed on the produced samples. 

The effect of homogeneity and areal weight density (AWD) of  PA66 nanofibers  on  

mechanical performance of the composite specimens was investigated. The morphology 

and post-test deformations of the nanofibers were investigated by scanning electron 

microscopy (SEM). The thermal properties of PA66 nanofibers were investigated by the 

differential scanning calorimetry (DSC) method. By comparing the SEM images  and  the  

lap shear test results, the most  efficient parameters  for  the mechanical performance of 

the composites were determined. The  results  showed  that  PA66  nanofibers  produced  

with a 10% wt solution ratio and 10 min coating time were the most effective  on  joining 

of the composites. The incorporation of PA66 nanofibers  produced with the electro-

spinning tecnique over the joining region of the composite plates has been proven to 

increase  the  joining  region  performance of the composite parts.  
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CHAPTER 1

INTRODUCTION 

1.1. Defination of Composite Materials 

Composite materials consist of a macro-level combination of at least two different 

materials with superior properties. Composite materials have been used since ancient 

times. Many civilizations in the history of the world have developed building materials 

to use in daily life by combining materials found in nature. For example, bricks were 

produced by mixing mud and straw in certain proportions. Thus, the story of using 

composites began. With the latest technological developments, the interest in quality and 

innovative materials is increasing. For this reason, composite materials have developed a 

little more every day. In composite materials, matrix resin properties, type of 

reinforcement material and placement method can increase the mechanical, chemical and 

thermal properties of the composite, making composites very different from conventional 

materials. These superior properties such as high specific strength and elastic modulus, 

low density, long life, cheaper, lighter and high corrosion resistance have made 

composites a serious competitor for other traditional engineering materials such as steel, 

aluminum, titanium alloys. For example, by replacing stainless steel with fiber-reinforced 

polymer composites, a 60-80% reduction in the weight of the material has been observed. 

In addition, reducing fuel consumption with the use of composite materials has become 

popular in the aircraft, automobile and marine industries. 

 

 
(cont. on next page) 

 Figure 1.1. Example view of some structural applications of composites. 
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Figure 1.1. (cont.) 

 

There are various type advanced composite materials such as reinforced plastics 

such as carbon-fiber-reinforced polymer or glass fiber, ceramic and metal matrix 

composites. Different types of  fibers such as glass, carbon, aramid have been  used in 

industry. While carbon fibers are used as the main reinforcement material in the aviation 

industry, glass fiber reinforced composites are commonly used in the automotive 

industry. However, composite materials still lag behind glass fiber (85%), but the use of 

carbon fiberhas become more common recently. About 75% of the carbon fibers are 

reinforced with epoxy matrices. In addition, carbon fiber reinforced composites have a 

wide range of applications from aviation and space to automobiles, from sports equipment 

to health equipment. In addition, due to its light, durable and strong features, it has a very 

important use in military vehicles. For example, newly produced airplanes today are 

largely made of composite materials. Most of the Airbus A380 fuselage, wing and 

stabilizer parts are manufactured using prepreg composites. Figure 1.2 shows the fuselage 

and composite structures of the aircraft, which consists of 55% composite parts. 

 

 
 

Figure 1.2. The AIRBUS A380 aircraft composite applications 

(Source: www.airbus.com). 
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1.2. Manufacturing techniques for prepreg based composites 

There are numerous methods for producing lamina from composite components. 

Figure 1.3 shows the techniques used to fabricate composite structures. In this thesis, the 

hot press technique (compression molding) is used in the production of carbon fiber 

reinforced / epoxy composite prepreg plates. 

 

 
 

Figure 1.3. Composite manufacturing techniques 

 
A hot press is a method used to produce flat plates of constant thickness by 

compression molding of the composite placed in an open and heated device. Also, the hot 

press technique is widely used in automotive, aerospace and other industrial practices 1. 

The shape, size and fiber angle of the prepregs are determined and cut according to the 

places to be used and their requirements. The cut prepregs are laid to cover the entire 

surface of the mold 2. Before the prepregs are laid in the hot press mold, Kapton film, on 

which gel (frecote) is applied, is placed on the mold surface so that the part can be easily 

removed from the mold and the surface is smooth. Press is closed after a certain pressure 

setting is made and pressure is continued until the material is cured, then after the mold 

cools down, the pressure is pulled over the plate and the plate is taken from the mold 

(Figure 1.4). The dies used for this pressing process are made of stainless steel or 
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aluminum. The molds are quite simple as mostly laminates are made using this technique. 

Mold design for the hot press process is simpler compared to other mold production 

methods. In the hot press method, there is no injection material to be sent to the mold. 

Therefore, there is no need for a runner in this method. The most important parameter for 

the hot press method is the same thermal expansion coefficient between the mold material 

and the composite structure. The advantages of the method are as follows 3; 

 A one-step method, 

 Fast curing times and short cycle times, 

 Reduced tool investment (compared to metal forming processes), 

 Suitable for mass production. 

 

 
Figure 1.4. Schematic of the hot press technique  

(Source:Rangaswamy et al., 2021 3) 

 
 
1.3. Combination and Improvement Methods for Structural Composite 

Parts 
 
1.3.1. Co-curing, Co-bonding and Secondary Bonding  
 

The use of adhesives for joining composite structures is increasing day by day due 

to its superior properties such as high bond strength, improved stress distribution and 
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joining multi-material mixed structures 4.  In addition, adhesive bonding allows structures 

to be repaired using small composite parts, and these repairs can be made without much 

damage to the part 5. The adhesive bonding method provides a continuous and 

considerably larger bonding area, which significantly reduces the stress intensity 

compared to mechanical fasteners. However, it should be noted that stress concentrations 

are still present in the adhesive and bonded materials due to the natural discontinuity of 

the materials in the bonding zone. It has been proven that the highest stresses in materials 

occur mostly around the joint zone 6. The stresses in the adhesive and on the bonded 

surfaces are divided into two as shear stress and peel stress according to the type of 

movement. For adhesive joints used to join developed composite materials, the peel stress 

is applied directly in the direction of the weak region of the matrix of the material, thus 

having a very significant effect on the bond strength. Often, the load-bearing ability of a 

composite structure is governed by the weakest stressed regions. Therefore, in the 

adhesive-bonded regions, the bond/adhesive interface relationship needs to be improved 

under certain load conditions. The surface improvement techniques used in the 

preparation of the adhesion zone and the suitability of these techniques for different 

materials were investigated 7,8. This often provides the required interface strength 

between the adherent and the adhesive. 

 

 
Figure 1.5. Schematic of the hot press technique  

(Source:Rangaswamy et al., 20213) 
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Traditionally used mechanical fasteners such as screws and rivets not only 

increase weight but also act as a stress concentrator, impairing the structural capacity of 

components and causing severe delamination problems. Therefore, alternative bonding 

techniques for joining have become an important issue, especially in the aerospace 

industry. In recent years, studies on co-curing, co-bonding and secondary bonding 

methods have been carried out 9 These methods are shown schematically in Figure 1.5. 

In the co-curing method, the curing and bonding processes of two parts occur 

simultaneously. Among the important advantages of the co-curing method are; large and 

complex structures can be produced in a single curing cycle. Thus, labor costs and energy 

consumption can be reduced, production can be accelerated, and the integration and 

stability of the part can be increased 10. In the secondary bonding method, two pre-cured 

rigid adherents are joined using an adhesive. The co-bonding method is where uncured 

prepregs are joined to a rigid composite piece that has been pre-cured using either a liquid 

adhesive or a film adhesive 11. 

 

 

Figure 1.6. Representation of failure modes characteristic of adhesive joints 

submitted to shearing (Source: Quini and Marinucci, 202112). 
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Generally, two different fracture mechanisms occur in materials bonded by 

bonding methods such as co-bonding, co-cure and secondary bonding. These fracture 

mechanisms are called cohesive and adhesive fractures. Adhesive breakage mechanisms 

are the failure of the material at the interface. These failures occur between the adhesive 

and one of the adhered ones. Generally, these failure mechanisms occur in bonded 

structures where adhesion is weak 13. Figure 1.6, shows schematically the different types 

of failures in glued joints. The figure of adhesive and adhesive failure at adhesive-bonded 

joints shows, (a) adhesive failure, (b) cohesive failure, (c) thin-layer cohesive failure (d) 

fiber-tear failure, (e) light-tear failure and (f) stock-break failure 12. De Freitas and Sinke 

2014 proved that the failure modes of the adhesive that occurred in the samples joined 

using the adhesive were more important than the max load. They also showed that the 

surface treatment applied to the adherents is very important to obtain well-adhered 

surfaces. 

 

1.3.2. Electrospinning Methods 

Nanofiber production by electrospinning method is not a new technology. This 

method emerged when William Gilbert, while continuing his studies on magnetism, 

accidentally observed the effect of electromagnetism on liquids 15. In his research, he 

noted that water moves in a cone shape from a dry surface to an electric field at a certain 

distance 15,16. 

This system allows multiple types of polymers, fibers, and particles to be 

interconnected to produce nano sized sheets. The electrospinning system is used to 

produce nanofibers by subjecting the polymer solution to a certain voltage. In the electro-

spinning process, the voltage value to be applied in the appropriate range is selected to 

neutralize the surface tension force of the polymer liquid. The polymer liquid jets formed 

by this applied voltage become solid and are sprayed towards a grounded collector. The 

liquid elongates along with the jet motion and collects as an interconnected net-like solid 

fibrous structure. Studies show that the voltage range required to produce nanofibers is 

between 5 and 30 kV 17.    
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 Electrospinning is one of the most useful and productive methods for producing 

polymer-based nano fibers. Electrospinning is a multidisciplinary method that includes 

polymer chemistry, physics, fluid dynamics, electrical, mechanical and textile 

engineering. A classical electrospinning method (Figure 1.7) consists of a syringe pump, 

a high voltage source and a grounded metal retractor. 

 

 
Figure 1.7. Schematic design of the basic set-up for the electrospinning process  

(Source: Rostamabadi et al., 202118). 

 

There are four basic components required for the process: a small diameter 

capillary tube, a syringe, a high voltage generator, and a metal collector. During the 

process, before the polymer liquid jet reaches the collector, the solution jet changes from 

liquid to solid and forms interconnected nano-sized fibers 19. The electric field is 

subjected to the end of the capillary tube containing the solution liquid held by the surface 

tension. The mutual charge repulsion and accumulation of surface charges on the 

electrode cause the surface tension to create an opposite force 20. As the effect of the 

electric field increases, the solution liquid sent from the tip of the needle takes the form 

of a hemisphere, which shows that the conical structure called the Taylor cone in the 

literature is formed (Figure 1.8). 
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Figure 1.8. Taylor cone and jet formation with the increasing voltage effect by 

progressing drop on               

 (Source: Larrondo and Manley, 202121).  

 

   The critical value at which the voltage-charged liquid jet is launched from the 

Taylor cone occurs when the electric field is increased and the repugnant electrostatic 

force surpasses the surface tension. The tension of the polymer-solvent liquid jet is 

released, allowing it to enter the irregularity and fiber elongation time. This causes the 

evaporating solvent jet to become long and thin nanofibers. The de-stressed jet goes into 

a melting state and changes from the liquid phase to the solid phase as it moves through 

the air. 

           Today, it is clearly stated in the literature that nanofibers with diameters up to 5nm 

from more than hundreds of polymers are produced successfully by the electrospinning 

method. The majority of polymers are dissolved in the solvent before electrospinning. For 

example, polymer pellets are added to the solvent prepared in a certain ratio, which is 

prepared in a glass container, and it is completely dissolved. The polymer solution is filled 

into the syringe to be electrospun and transferred to the capillary tube. Solution 

preparation and electrospinning are usually carried out at room temperature and under 

atmospheric conditions. In addition, some polymers may emit harmful or foul odors that 

may affect human health, so a room with ventilation systems should be preferred during 

processing. In addition, due to the presence of high voltage in the environment during the 

process, care should be taken not to touch the liquid jet and the collector. With the 

electrospinning method, it is possible to produce different nanofiber structures when a 

polymer is dissolved in different solutions or solution ratios (Figure 1.9). 
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Figure 1.9. Some studies with nanofibers produced from a) Poly(ethylene 

terephthalate) 17, b) polyacrylonitrile 16, c) polypropylene 22 and d) 

polybenzimidazole 23 polymers (Source: Mohan 2002, Lam 2004, 

Lyons 2004, Kim 2004).  
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Numerous parameters affect the ability to obtain nanofibers from polymer liquid 

by the electrospinning method. These parameters are examined under three headings; 

solution properties such as viscosity, elasticity, conductivity and surface tension, etc., 

production properties such as hydrostatic pressure at the needle tip, potential difference 

and gap at the capillary tip (distance between the tip and the collecting screen), etc., and 

environmental properties such as polymer liquid temperature, humidity and room 

temperature, etc. The surface properties, morphology and structure of polymer nanofibers 

should be controlled (Figure 1.10). Many studies have been carried out to determine the 

fiber coating parameters of polymers by the electrospinning method. For example, 

polymer solutions must have high concentration and viscosity. However, the high 

viscosity and concentration of the polymer solution prevent fiber formation. Therefore, 

the determination of optimum parameters is vital to create the appropriate fiber structure. 

The charged density of the polymer liquid solution should be sufficiently high and the 

surface tension sufficiently low. In addition, some changes can be made to the fibers by 

reducing the distance between the needle tip and the nanofiber collector The structural 

properties of the fibers can be changed by the density of the fiber going to the collector, 

nozzle/collector distance and voltage 24. 

 

 
(a) viscosity - bead structure relationship  

(cont. on next page) 

Figure 1.10. (a) viscosity - bead structure relationship (b) concentration - bead 

structure relationship (c) voltage - bead structure relationship (Source: 

Lee et al., 200325) 

More beads 

Viscosity 

 Less beads 



12 
 

 

 
  (b) concentration - bead structure relationship           (c) voltage - bead structure relationship 

Figure 1.10. (cont.) 

1.4. Objectives 

In this study, it was aimed to improve the joint area performance of structural 

fiber-reinforced composite parts joined by innovative methods used in the aircraft 

industry. In this way, it is aimed to prevent the disadvantages of mechanically joined parts 

(riveting-connector, etc.) on the structure, to increase their mechanical properties and 

fatigue life, and to reduce their weight. This study has an innovative approach on 

increasing the joint zone performance of composites by electrospinning method. In this 

study, 10 wt% PA 66 nanofibers were coated on the prepreg surface by electro-spinning 

to improve the performance of the joining area. To examine the mechanical performance 

of PA 66 nanofibers in the bonding zone, reference composite laminate samples and PA 

66 interlayed composite laminate samples were produced using the hot press method. 

Lap-shear test, Charpy impact test and DCB tests were performed on the prepared 

samples. The thermal properties of the spun PA66 nanofibers were investigated by 

Differential Scanning Calorimetry (DSC) analysis. It was found that the shear strength, 

Mod-I fracture toughness and impact energy of CF/EP composites has been increased by 

18.7, 10.38 and 153.15 %, respectively, with PA66 nanofibers integrated to the joint zone. 

Another important analysis is that the weight gain of nanofibers on composites is 

negligible. This is one of the most important features of the thermoplastic nanofiber 

interleaving method. 

 
 

       Concentration         Voltage  
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CHAPTER 2 

LITERATURE SURVEY 

The trend towards composite materials in the aviation industry is constantly 

increasing. This trend has contributed to the structurally higher performance of the 

aircraft, improving production processes and manufacturing time, and reducing 

operational risks 9. The use of prepreg fabrics is increasing day by day in the production 

of high-performance structural composites used in aerospace applications. Prepregs are 

widely used in many sectors, especially in the aviation sector, due to the many advantages 

they provide. Some of these advantages are high corrosion resistance, high strength and 

better fatigue strength compared to metals and lower weight. Considering the problems 

encountered in traditional composite production (dry areas, inhomogeneous resin 

distribution, void formation, non-homogeneous curing and low-temperature curing, etc.), 

the use of prepregs has increased 26. In addition to composite materials, alternative 

bonding techniques have become an important issue in the aviation industry. This is 

because conventionally used mechanical fasteners such as screws and rivets act as a stress 

absorber that not only adds weight but also degrades the structural capacity of 

components, causing severe delamination problems and corrosion, affecting and 

negatively affecting electromagnetic properties/radar absorption properties. Recently, 

studies have been focused on co-curing, co-bonding, and secondary bonding methods to 

eliminate the negative effects of conventional mechanical fasteners 9. Song et al. 2010, 

produced single lap joint specimens using four different joining methods (Co-curing 

without adhesive, co-curing with adhesive, co-bonding and secondary bonding) in this 

study. They compared the effects of the joint method with the tests performed on the 

strength of the joint area. When the results were examined, it was determined that the 

highest strength was in the samples produced using the co-curing and secondary bonding 

methods, and the lowest strength was in the samples produced by the co-bonding method. 

These methods are shown schematically in Figure 2.1. In the co-curing method, the curing 

and bonding processes of two parts take place simultaneously. Mohan et al. 2015, 

investigated the mixed-mode fracture toughness by adding alumina nanoparticles and 

electrospun nanofibers to the joint cured and two secondary bonded composite bond 
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systems. According to the test results, cohesive breakage was reported in samples joined 

by secondary bonding, and adhesive breakage was reported in samples joined by the co-

curing method. In addition, as a result of the tests performed for each sample, it was 

determined that the mode II fracture toughness was above the mode I fracture toughness. 

Recently, it has been studied to improve the Mod-I fracture toughness value by 

adding nanofils to the resin. However, it is one of the difficulties to ensure the 

homogeneous distribution of these fillers in the resin. The extreme increase in the 

viscosity of the resin with the addition of fillers is a major problem for composite 

production techniques other than autoclaves, such as resin transfer molding and vacuum 

infusion. Therefore, some researchers have worked to improve the technique of 

interleaving a thermoplastic or thermoset material in the interlayer region 29. Van der 

Heijden et al.(2014), reported an approximately 100% improvement in initial interlayer 

fracture toughness by sprinkle a 20 g/m2 polycaprolactone (PCL) nanofiber into the 

interlayers of resin transfer molded glass fiber epoxy laminates. Saz-orozco, Ray, and 

Stanley (2015) investigated the Mode I fracture toughness of glass fiber/vinyl ester 

(GF/VE) composite by interleaving polyamide (PA) and polyethylene terephthalate 

(PET). PA cover showed better improvement than PET cover. The initial fracture 

toughness of the PA interleaved composite increased by 59% and the propagation 

interlayer fracture toughness increased by up to 90%. There are many studies in the 

literature of Polyamide-6.6 nanofibers with advantages such as high mechanical 

properties, high melting temperature, compatibility with uncured resin, processability, 

and higher fiber-forming ability. Also, it has features such as low heat deflection 

temperature and moisture absorption capacity. 29,32. Sanatgar et al. (2012), examined 

polyamide 66 (SSP PA66) nanofiber with two different solution types and three different 

solution concentrations using the electrospinning method. The presence of chloroform at 

a concentration of 18 wt. % in the PA66/formic acid solution produced a reduction in 

crystallinity. The addition of chloroform at a concentration of 10 wt. % to the 

PA66/formic acid solution resulted in an increase in crystallinity from 28.5% to 43.1%. 

Beckermann and Pickering (2015), reported the effects of interspersed low-weight 

thermoplastic nanofiber covers on the Mod I, Mode II and interlayer fracture toughness 

of autoclaved unidirectional (UD) carbon/epoxy composite samples. Many different types 

of coatings were considered and 4.5 g/m2 PA66 cover  found to provide the best all-

round fracture toughness performance with improvements of 156% for Mod I and 69% 



15 
 

for Mod II. Aljarrah and Abdelal (2019), studied the interlayer Mode I fracture toughness 

of Carbon fiber/epoxy laminates using a three-layer configuration. At the initial stage of 

crack propagation, up to 25% enhancement in interlayer fracture toughness was 

calculated for all configurations. 

Electrospinning is one of the most effective, inexpensive and simple methods to 

produce continuous nanofibers, which can take full advantage of the properties of the 

solution components. In addition, electrospinning is a versatile method that includes 

polymer chemistry, electrical physics, fluid dynamics, basic physics, mechanical and 

textile engineering. In this method, it has been proven that it is possible to control fiber 

diameter and functionality by easily changing production and solution parameters such 

as voltage and solution composition. Therefore, nanofibers can be easily adapted to 

conventional composite fabrication techniques 36,37. Van der Heijden et al. (2014), 

showed that the fracture toughness between composite laminates increased by adding 

poly-e-caprolactone nanofibers produced by electro-spinning method to the structure of 

the composites. Herwan et al. (2016), demonstrated that the load capacity of pin-bonded 

composite laminates could be increased by interspersing polyacrylonitrile (PAN) 

nanofibers on interlayer of carbon fabrics.  The inclusion of micro or nanofillers in the 

resin liquid adversely affects the homogeneity and viscosity of the resin.Therefore, 

recently, there has been an increase in studies on the alternative production of fillers 

without being incorporated into the resin 29.  Bilge et al. (2014), obtained P(St-co-GMA) 

copolymer nanofibers using the electrospinning method. An 18 % increase was detected 

in the tensile strength of nanofiber reinforced composite structures. In addition, it has 

been shown that the maximum breaking stress is increased by 9 wt. % adding nanofiber 

interlayers to the regions exposed to high stress. In addition, nanofibers produced by 

electrospinning can be produced by adding filler materials such as CNT, graphene, 

nanodiamond. Studies are showing that structures can be strengthened by adding filler 

materials. Therefore, various methods have been developed, including chemical 

modification of nano carbons, namely improving the dispersion of CNTs, graphene and 

fullerenes 41. 
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CHAPTER 3 

EXPERIMENTAL 

3.1. Materials 
 

In this study, (UD) unidirectional (carbon epoxy matrix based prepreg fabric, M91 

/ 34 / UD194 / IM7-12K) and (carbon epoxy matrix based prepreg fabric. M21 / HS / 

40RC / T2 / AS4C / 285 / 6K) woven carbon fiber reinforced epoxy matrix based prepreg 

fabrics were used as primary reinforcement material. Unidirectional (UD) prepregs with 

a unit weight of 294 g / m2 and woven prepregs with a unit weight of 475 g / m2 were 

provided by Turkish Aerospace Industries Inc. Film adhesive (FM300K) was used as the 

adhesive tape. 

Polyamide 66 (PA66) pellets have been used in their commercial forms to produce 

electrospun Polyamide 66 nonwoven fibers. Polyamide 66 pellets were dissolved in a 

mixture of formic acid and chloroform. The raw materials used for nanofiber production 

in this study are listed below; 

 Polyamide 66  pellets (Sigma Aldrich- 429171) 

 Formic acid (Sigma Aldrich- 27001) 

 Chloroform (Sigma Aldrich- 24216) 

The fiber morphology of Polyamide 66 nanofibers was investigated with a 

Scanning Electron Microscope (SEM). The average thickness of PA66 nanofibers was 

determined as 36.52nm. The melting point (Tm) and glass transition temperature (Tg) of 

PA66 nanofibers were determined using differential scanning calorimetry (DSC). 

3.2. Preparation of PA 66 Nanofibers on Carbon Prepregs 
 

The  necessary literature research and trials were carried out for the 

electrospinning coating process, and the thermoplastic-based solution to be used for 

nanofiber production was determined as PA 66. The PA66  polymer solution was 

prepared following the procedure mentioned below. Before starting to prepare the 

solution, PA66 pellets were heated at 80 degrees for 24 hours to get rid of moisture. To 
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prepare PA 66 electrospun fibers, a 10 wt% solution of PA 66 was formed by dissolving 

10 g of PA 66 pellets in 100 mL formic acid/chloroform (75:25 v / v) in atmospheric 

conditions. This concentration ratio was chosen based on the findings reported in previous 

works 29,33. 

 

 

Figure 3. 1. Schematic representation of the solution preparation steps. 

 

The  solution with 10% PA 66 by weight was made by mixing 20 g of PA 66 

pellets in 200 mL of formic acid and chloroform (150: 50 v / v) at room temperature on a 

magnetic stirrer for 12 hours. It was kept under a vacuum to remove bubbles before filling 

into syringes. The solution preparation process is summarized in Figure 3.1, 

schematically. 

 

3.3. Coating of PA 66 Nanofibers on Carbon Prepreg 
 

The dissolved PA66 polymer liquid was filled into two 50 mL syringes connected 

to the propellant pump. The flow rate of the liquid polymer solution was determined as 

18 mL/hr (1.0 mL/hr for each nozzle). The voltage value to be applied during the coating 

was determined as 30 kV and the distance between the nozzle/collector was determined 

as 12 cm. The selected parameters were chosen based on our experience and data proven 

to be appropriate by Matulevicius et al. (2014). According to these parameters, 

homogeneous, one-dimensional and bead-free-homogeneous PA 66 nanofibers were 
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selected to produce. To get high efficiency from nanofibers, the INOVENSO PE300 

device with homogeneity feature (z-axis movement) and the winding feature was used. 

Figure 3.2 shows the electrospinning setup used in this study. 

 

   

Figure 3. 2. Electrospinning devise in our laboratory. 

 
The electrospinning time for PA66 nanofibers was chosen as 3 minutes, 7 minutes 

and 10 minutes. During the electrospinning process, the color of the carbon prepregs 

changed from black to white due to nanofiber deposition (Figure 3.3). 

 

 

Figure 3. 3. Deposition of electrospun nanofibers on woven carbon prepreg. 
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Differential scanning calorimetry (DSC) device was used to analyze the thermal 

properties of the coated PA 66 nanofibers. The PA66 nanofiber sample from the coated 

108  / min 

under nitrogen gas. The results of DSC analysis of PA 66 nanofibers are shown in Figure 

3.4. 

 

 

 
 

Figure 3. 4. DSC curve of the PA66 nanofibers. 

 
 Prepregs were coated with nanofibers for 3 minutes, 7 minutes and 10 minutes 

for Areal Weight Density (AWD) measurement. The PA66 nanofibers were stripped from 

the prepreg surface after coating and cut into small pieces of the same size. They were 

weighed with a 0.0001gr precision scale. The average PA66 nanofiber area weight density 

(AWD) for 3, 7 and 10 minutes deposition were determined to be approximately 0.525 g 

/ m2, 1.205 g / m2 and 1.782 g / m2, respectively. 

 
 

Table 3. 1. Areal Weight Density (AWD) values of nanofiber coated prepregs 
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As seen in Table 3.1, considering the AWD calculation, the effect of the coated 

nanofibers on weight gain is less than 2 %. For this reason, it has been determined that 

the effect of the coating on weight gain is negligible. 

The fiber morphology of PA66 nanofibers was investigated with a scanning 

electron microscope (SEM). SEM images of nanofibers are shown in Figure 3.5. PA66 

nanofiber diameters were determined as 36.52 nm on average. When the SEM images of 

the nanofibers produced with different solution trials were examined, it was decided to 

use a solution with a concentration of 10% PA66 by weight, where we could produce 

more homogeneous fiber. 

 

 

 
                                                                                                       (cont. on next page)  
 

Figure 3. 5. a) 10% by weight PA66, b) 12% by weight PA66, c) 14% by weight 

PA66, d) 18% by weight PA66 nanofiber coating SEM images and 

nanofiber diameters 
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Figure 3.5. (cont.) 

3.4. Manufacturing of composite laminates 
 

CFRF / PA66 plates with high-performance uniform fiber distribution were 

produced by the hot press method. Figure 3.6 shows the hot press setup used in this study. 

Prepregs were prepared based on the fabric properties specified in Table 3.2 were 
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Figure 3. 6. Plate production with the Hot Press method. 

 
 

Table 3. 2. Adherend Material Types 

Prepreg Type Material Name Stacking Sequence Plies 

UD  M91 /34 /UD194 /IM7-12K 
[45/0/45/90/-45/0]s 

12 

Woven M21 /HS / 40RC /T2 /AS4C /285 
/6K 

[45/0/45/0]s 8 
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Test samples were produced from composite laminates fabricated with UD and 

Woven prepregs with joint area coated PA66, by ASTM D5868 and ASTM D5528 

standards as shown in Figure 3.7. FM300K film adhesive was used as the adhesive 

material to produce lap shear test samples containing nanofibers coated on the prepregs. 

FM300K has been used in two different layers (2 layers (0.4mm) and 3 layers (0.6mm)). 

Two different types of laminate made of composite prepreg were used as adherent 

material: UD and Woven (Table 3.3). Prepregs were left to cure for 150 minutes under 3 

 The produced 

composites were cut by the standards with a wet saw cutting device. The edges of the cut 

samples were gently sanded with sandpaper. The test specimens cut in the wet cutting 

device were left to dry for  The average thickness of the composite 

samples was measured as 2.47 mm. 

 

Table 3. 3. Test sample production conditions. 

Laminate Type Adhesive Type Bondline Thickness 
(mm) 

Test Temperature 

UD + Woven Film 0.60 (3plies) RTD 

UD + Woven Film 0.40 (2plies) RTD 

 
 
 

 
 

 
 

Figure 3. 7. Fabric alignment of UD and Woven plates and production of lap shear   

test coupons. 
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For the Mod-I fracture toughness tests, a nanofiber cover was placed between the 

ninth and tenth layers of 18-layer prepreg fabrics. For other in-plane mechanical tests, 

nanofibers were placed in the joint area. A Kapton film 

create an initial crack along the junction between the two plates of the DCB samples. The 

dimensions of the samples prepared for DCB testing are shown in Figure 3.8.   

 

          

                 

 
 

Figure 3. 8. DCB samples shown schematically 

3.5. Mechanical characterization of composite specimens 
 

Tensile, three-point bending, compression, single-lap shear, mod-I fracture 

toughness and charpy impact tests were performed to define the effects of PA66 covers 

on the mechanical properties of CF/EP prepreg composites. All mechanical tests are 

carried out in atmospheric conditions according to compliance specified in ASTM and 

ISO standards. 

3.5.1.  Single Lap Shear Tests 
 

All mechanical tests have been done according to the relevant ASTM 5868-01 

standards. The lap joint tester is shown in Figure 3.9. An MTS Landm
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Servohydraulic Test System is used. The load applied during the test was applied at a 

speed of 13 mm/min according to the ASTM D5868-01 standard. 

 

 

    
 

Figure 3. 9. Test set-up for the single-lap joint. 

  

Single  lap shear test used for determining the bonding properties of adhesive for 

joining UD and Woven and determining the shear strength of the joints. Prepared test 

coupons are shown in Figure 3.10. 

 

 
Figure 3. 10. Test specimens joined by the secondary bonding method. 
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After  the single lap shear  strength test,  to determine the types of failure 

(adhesive, cohesive or mixed adhesive-cohesive) the adhesion surfaces  of the specimens  

which were exposed to the lap shear test were examined. 

3.5.2.  Tensile Tests  
 

The tensile strength, strain, and modulus of elasticity of the specimens were 

calculated by the tensile test. Test samples were prepared according to the ASTM D 

3039M-93 test standard. 5 specimens with a width of 25 mm and a length of 250 mm 

were cut from a 300 x 300 mm2 plate. Samples  were  tested at room temperature. A 

tensile  test at a crosshead speed of  2 mm/min was performed  with  the  MTS 

 Servohydraulic System with a dynamic 100 kN / 22 kip and a static 120 kN 

/ 27 kip capacity load cell. Displacement values were calculated using an extensometer. 

Figure 3.11 shows  a visual from the moment of the tensile test. 

 

 

 

Figure 3. 11. Tensile test specimen under tension 
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3.5.3.  Three-Point Bending Tests 
 

Three-point bending test specimens were prepared according to the ASTM D790 

test standard. The bending properties of the samples were obtained from the three-point 

System and the crosshead speed of the test machine was set at 2 mm/min. The test 

specimens were cut 10 mm wide and 145 mm long. The lengths of the samples were 

associated  with  the  aperture ratio specified in the standard   and  the support span ratio 

was chosen  as 32 according to the specimen type. Figure 3.12 shows a picture of the 

three-point bending test apparatus. 

 

 

Figure 3. 12. Test Specimen Under Flexural Loading 

 
 

Cross Head movement speed is calculated according to Eq 143: 

 
                                                  R= ZL2/6d                                                 (1) 
 

Z shall be equal to 0.01. 
 

Flexural Stress can be calculated by selecting any point on the load-deflection 

curve with Equation 2 below 43: 

 
                                                  f = 3PL/2bd2                                            (2) 
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Flexural Strain can be calculated for any deflection using Equation 343: 

 
                                            f = 6Dd/L2                                                (3) 
 

The modulus  of elasticity is calculated using Equation 4 shown below and 

drawing a tangent from the origin of the load-deflection curve to the straight-line portion 

on the curve 43. 

                                                  EB=L3m/4bd3                                             (4) 
 

3.5.4.  Compression Tests 
 

Compression test specimens were prepared by the ASTM D695-02 standard. 

Samples  were  cut  to 12.7 mm in width and 140 mm in length. An anti-buckling 

apparatus  was  used  during  the  test  to  calculate  the  compressive  modulus  and 

strength  of  the   prepared samples (Figure 3.13).  Samples were loaded  until  fracture  

at a constant crosshead speed of 1.3 mm/min. 

 

 

Figure 3. 13. Test Specimen Under Compression Loading 
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3.5.5.  Charpy-Impact Tests 
 

- 25 J and a 

tangential speed of  3.46 m/s, was  used  for  the  Charpy  impact  tests. The  samples  

were  produced  by  cutting  10 x 80 mm rectangles and notching 2 mm following the  

ISO-179 standard. Charpy impact strength is calculated by dividing the energy by the 

notched area. At least ten samples were tested for each group to obtain consistent mean 

and standard deviation values. 

 

 

Figure 3. 14. Test set-up for the single-lap joint. 

 
 
3.5.6.  Mode-I fracture toughness tests 

 

Mod-I laminar fracture toughness of composite samples was analyzed by double 

cantilever beam (DCB) test using Shimadzu AGS-X, Kyoto, Japan, test device with 5 kN 

load cell.  Samples were initially loaded at a rate of 1 mm/min and the fracture was 

allowed to travel a short distance (3-5 mm). Then, the load was applied to propagate the 

crack formed in the sample by approximately 70 mm. To calculate the Mod I laminar 

fracture toughness, the laminar fracture toughness (G ) values of the load, displacement 

and crack lengths of the samples were calculated during the test. The GIC value of the 

delamination was calculated by visually observing the initial GIC (GIC,ini) value from the 

criterion drawn on the cracked surface of the sample. The  GIC spread (GIC,prop) value was 
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determined by averaging the crack propagation and GIC values.  Figure 25 shows an  

example of  a  DCB  under  Mode-I loading.  GI, GIC,ini  and GIC,prop values were 

determined by the Modified Beam Theory data reduction method. 31,44. 

 

 

Figure 3. 15. Test set-up for the single-lap joint. 

 

Double cantilever beam (DCB) experiments were completed to calculate the  

Mod-I interlayer fracture toughness of the composite samples. The sample preparation 

scheme for the DCB test is shown in Figure 3.15. 

DCB samples were prepared by cutting 150 mm (L) long and 25 mm (b) wide.  

To transfer the opening force to be applied to the DCB specimens during the test, 

aluminum cubes were attached to the specimen surfaces. Before testing, one edge of       

the samples was painted white and measured as a ruler at 1 mm intervals to observe crack 

propagation. The force was applied until the first separation of the test sample was 

completed, then it was zeroed. After the samples were subjected to force again, the 

displacement and fracture progression length values were recorded. Each sample was first 

loaded at a crosshead speed of 1 mm/min and the fracture was allowed to advance 2-6 

mm before unloading from the sample. Then, the first crack was exposed to load until it 

progressed 50-60 mm. During the tests, the load of the sample, crack opening 

displacement and crack length were noted for energy release rate (GI) analysis.                  

The GI was determined according to the following data reduction method in the       

standard 45. 
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                                            GI =                                             (5) 

 

The GI in the equation is the Mode I interlayer fracture toughness. P, b, a, and 

is called a load, specimen width, delamination length and load point displacement, 

respectively. -squares plot 

of the root of feet (C1/3) as an equation of crack length. F and N are the error parameters 

used to calculate the displacement and hardening of the specimens. F considers the 

shortening of the moment arm and bending of the end blocks. N considers the hardening 

of the sample by the blocks. These correction factor equations are given below 45; 

 

                                                     F = 1-(                                (6)      

     

                                 N = 1- (             (7) 

 

The t and L' values in the samples are displayed in Figure 3.16.                        

The initial GIC (GIC,ini) data was calculated as GIC data in which crack                      

propagation was observed based on measurements plotted at one edge of the sample.       

GIC spread (GIC,prop) data was analyzed by averaging the GIC values during        

delamination progression. Figure 3.1m shows the behavior of a composite                        

test specimen during  Mode-I loading. 

 

 
Figure 3. 16. Dimensional relationship between the DCB test specimen and the 

aluminum blocks adhered to it to transfer the opening forces 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Nanofiber Morphology 
 

SEM  images of PA66 nanofibers produced by electrospinning are shown in 

Figure 4.1. Bead-free, continuous and smooth, homogeneous nanofibers were obtained 

with optimized spinning parameters.  Eight different nanofibers were measured to 

calculate the average diameter of the nanofibers. The mean nanofiber diameter was 

addition of nanofibers between the layers of composites has a significant effect on fracture    

toughness 29. 

 

 

 
Figure 4. 1. SEM images of 10 wt% PA 66 nanofibers at (a) 50,000X, (b)100,000X 

and (c) 100,000X magnification. 

a) 

b) c) 
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When the SEM images in Figure 4.2 are examined, the 10 weight percent solution 

ratio we have chosen as the coating parameter and the 10 minute coating time provide 

more homogeneous fiber production compared to other parameters. 

 

 

 
Figure 4. 2. SEM images of nanofibers at a) 10% PA66-3 min., b) 18% PA66-3 min., 

c) 10% PA66 -10 min. and d) 18% PA66-10 min. two different solution 

ratios and coating times. 
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4.2. Surface Roughness Characterization  

Surface roughness and coating surface properties (Ra, Rz, Rq, Rt) of reference 

and PA66 nanofibers were measured using a profilometer surface roughness tester. The 

set-up parameters of the device are respectively; size=4500x100 and sampling are 

determined as 1.11un. For both surfaces, the average surface roughness values were 

determined by measurements taken from five random surface points. As a result of these 

measurements, it was determined how much the surface roughness increased by adding 

PA66 nanofibers to the surface. 

 

 

 
Figure 4. 3. Surface roughness and coating surface properties (Ra, Rz, Rq, Rt)  

                    of reference and PA66 nanofibers 

 

 

4.3. Mechanical Properties of CFP/PA66 Composite Plates 

In this section, the mechanical, thermal and microstructural properties of UD and 

woven prepreg based laminates, which are first coated with PA66 and then bonded with 

the secondary bonding method, are presented. 
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4.3.1.  Single Lap Shear Tests 

 

The shear propertie

and coated with PA66 in the joint area were investigated. Lap shear tests were performed 

by ASTM D5868. To evaluate the adhesion strength of UD and Woven CF/EP prepreg 

plates bonded with FM300K film adhesive, samples were prepared with two different 

amounts of adhesive. These adhesive plies (2-3 plies) were chosen to keep the thickness 

increase to a minimum. The nanofibers produced with 3 different (10-12% and 14% wt) 

solution ratios on the adhesion surfaces of the prepregs to be modified were interspersed 

with a 10-minute coating time selected according to the SEM results. Optimum 

parameters of the study were determined by choosing the parameter that provides the best 

increase among these 3 different solutions and 2 different adhesive layers. When the test 

results in Figure 4.4 are examined, the highest increase in bond strength was observed in 

the samples containing 10% by weight PA66.  

 

 
 

Figure 4. 4. The lap shear values of test specimens. 

 
Shear load-extension diagrams of samples produced using 10% wt-PA66 

nanofiber coated, 2-layer and 3-layer adhesive are shown in Figure 4.5. These results 

were calculated based on the force-displacement curve and the cross-sectional area of the 

test specimens. 
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Figure 4. 5. Load vs. extension curves of a) 10%wt-PA66-2pliesFM300K and 

b)10%wt-PA66-3pliesFM300K  specimens according to single lap shear 

test.  

 

a) 

b) 
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Table 4. 1. Test sample production conditions. 

 
 

Table 4.1 summarizes the lap shear test results of composite specimens with 

10%wt - PA66 added to the reference and attachment region. Both the reference samples 

and the PA66  nanofiber reinforced samples show a linear elastic behavior up to fracture. 

In Table 4.1, the shear strengths of the reference composites produced with 2-layer and 

3-layer adhesive are 8.50 MPa and 8.91 MPa, respectively. The shear strength of the 

PA66 nanofiber added samples, which were bonded with 3 layers of film adhesive, 

showed an improvement of 38.27% compared to the reference sample. Compared to 2 

layers of film adhesive, samples with 3 layers of film adhesive showed higher 

performance. 

 

 

 
 

Figure 4. 6. The fracture surface of a) 2plies/FM300K reference samples, b) 

3plies/FM300K reference samples, c)10wt% PA66-10min /2 plies 

FM300K, d) 10wt% PA66-10min /3 plies FM300K specimens after 

single lap shear test 

a) b) 

c) d) 
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Figure 4. 7. Shows the junction region SEM images of the a-b-c) reference, d-e-f) 

                    2-plies adhesive and g-h-i) 3-plies adhesive PA66 spliced lap-shear 

specimens. 

 
 
 
 

a) b) c) 

d) e) f) 

g) h) i) 
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Figure 4.6 and Figure 4.7 show the joint area and SEM images of the reference 

and PA66 modified composites after the lap shear test. When the fracture surfaces of the 

joint area were examined, it was observed that the PA66 modified samples adhered better  

to the adhesive than the reference samples. When the samples combined with 2 layers and 

3 layers of adhesive were compared with each other, it was determined that the samples 

combined with 3 layers of film adhesive showed better adhesion performance than the 

samples combined with 2 layers of  film adhesive. When the test results were examined, 

it was  proved that  the coating of PA66 nanofibers on prepregs showed  a striking increase 

in bond strength. The resulting structure is a good method to reduce joint area fragility. 

 

4.3.2.  Tensile Tests 

 
The tensile properties of the composite samples, which were cured and joined at 

180 C and 7 bar pressure, in which the joint area was coated with PA66, were 

investigated. Tensile tests were carried out according to ASTM D3039. The tensile                        

behavior of  the  reference  samples  is  shown  in  Figure 4.8.  The  tensile  strength  and  

elastic  modulus  of   the reference samples  in  Table 4.2 were calculated  as  628.93 MPa  

and  53.17 GPa, respectively.  

 

Table 4. 2. Tensile properties of reference samples. 

Sample 
Name 

Tensile Strength 
(MPa) 

Max. Force 
(N) 

Elastic Modulus 
 (GPa) 

Strain at 
Break (%) 

R1 645.84 81.49 52.67 1.29 

R2 615.58 72.19 46.49 1.35 

R3 631.31 80.92 53.48 1.25 

R4 639.42 81.27 57.81 1.04 

R5 612.52 76.80 55.42 1.00 

Avg.  628.93 78.53 53.17 1.18 

 13.03 3.61 3.78 0.13 
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Figure 4. 8. Force vs displacement curve of reference samples under tensile loading. 

 
Table 4. 3. Tensile properties of PA66 added samples. 

Sample 
Name 

Tensile Strength 
(MPa) 

Max. Force 
(kN) 

Elastic 
Modulus 
 (GPa) 

Strain at Break 
(%) 

1 675.99 87.31 55.89 0.99 

2 707.83 88.65 50.71 1.45 

3 678.53 85.25 65.38 0.95 

4 705.05 91.93 51.59 1.23 

5 697.18 87.75 49.23 1.22 

Avg.  692.91 88.17 54.56 1.16 

St.  13.27 2.18 5.84 0.18 

 

 

It is shown in Table 4.3 that the addition of PA66 nanofibers to the junctional 

region increased the elastic modulus of the composites from 53.17 GPa to 54.56 GPa. 

The tensile behavior of the samples containing PA66 is given in Figure 4.9. These results 

were calculated based on the force-displacement curve and the cross-sectional area of the 

test specimens. 
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Figure 4. 9. Force vs displacement curve of PA66 added samples under tensile loading. 

 

The increase in tensile strength and elastic modulus was 10.17% and 2.61%, 

respectively. These results, stated in the literature, "The void occurring in PA66 

interspersed composite materials causes a decrease in the tensile properties of the 

samples." refuted his opinion. This is because the amount of PA66 nanofibers added was 

not large and these nanofibers changed the thickness of the sample negligibly. One of the 

most important reasons for these increases is the improvement of the matrix cracking 

resistance of the samples with PA66 nanofibers added to the junction area. SEM images  

of the matrices of deformed reference and PA66 added composites are shown in          

Figure 4.10. The presence of PA66 nanofibers in the matrix enables the matrix to 

withstand higher loads in the tensile direction, increasing the tensile strength values of 

the nanofiber-coated specimens in the joint zone. The nanofibers added to the joint area 

act as veils and allow the adhesive to adhere better to the fibers. Compared to the reference 

samples, it was observed that the nanofiber-added composites showed better mechanical 

bonding performance. These results are supported by the data in the tensile test results. 
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Figure 4. 10. a-b-c)Reference and d-e-f)SEM images of the deformed region of the 

samples with PA66 added 

 

 
(cont. on next page) 

Figure 4. 11. a) Tensile strength and b) Elastic modulus values of the Reference and 

PA66 added samples 

a) 

d e f 

a b c 
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Figure 4. 11. (cont.) 

 
Figure 4.11 and Table 4.4 summarize the tensile test results of the reference and 

nanofiber coated samples. The addition of PA66 to the samples did not significantly 

change the AWD value and thickness of the samples. The tensile strengths of the PA66 

added samples were increased by approximately 10.17% compared to the reference 

samples. This increase was interpreted to be related to the decrease in stress 

concentrations of the PA66 nanofibers samples. Studies of  Bilge et al. and Beylergil et 

al. in the literature support this interpretation. 

 

Table 4. 4. Summary of tensile test results. 

Sample Name 
Tensile 

Strength 
(MPa) 

Max. Force 
(kN) 

Elastic 
Modulus 
 (GPa) 

Strain at 
Break (%) 

Reference Avg. 628.93 78.53 53.17 
1.18 

 13.03 3.61 3.78 0.13 

PA66 Modified Avg. 692.91 88.17 54.56 1.16 

 13.27 2.18 5.84 0.18 

 

b) 
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4.3.3.  Three-Point Bending Tests 
 

The bending properties of the composite specimens whose junction area was 

coated with PA66 were investigated. Bending tests were carried out according to ASTM 

D790. Figure 4.12 and Figure 4.13 show the force-displacement curves of the reference 

and PA66 interspersed specimens under bending loading, respectively.  

 

Table 4. 5. Flexural properties of reference samples. 

Sample 
Name 

 Flexural Stress 
(MPa) 

Max. Force 
(N) 

Flexural Strain 
(%) 

Max. Stroke 
(mm) 

R1 445.05 430.00 0.91 6.76 

R2 386.39 385.00 0.70 5.33 

R3 456.51 427.66 0.87 6.32 

R4 422.85 430.63 0.69 5.27 

R5 470.49 471.56 0.75 5.74 

Avg.  436.25 428.97 0.78 5.88 

 29.41 27.39 0.08 0.57 

 

 

Figure 4. 12. Force vs displacement curve of reference samples under flexural loading. 
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Table 4. 6. Flexural properties of P66 added samples. 

 
 

As it is known, during the test the force increased continuously up to the maximum 

value and a sudden failure occurred in the sample. The flexural strength and maximum 

force of the reference composite samples were calculated as 436.25 MPa and 427.97 N, 

respectively. It was observed that the addition of PA 66 nanofibers to the junction region 

resulted in a significant improvement in the flexural strength and modulus of the bonded 

composites. This result can be attributed to the enhanced bonding capacity between the 

composite and the adhesive due to the presence of nanofibers in the bonding region. 

Moreover, the altered matrix properties by interspersing PA66 on the uncured prepreg 

can improve in-plane bending performance 29,39. The images of PA66 attached composites 

after the bending test are shown in Figure 4.14. 

 

 

Figure 4. 13. Force vs displacement curve of PA66 added samples under flexural 

loading. 
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a)                      b) 

Figure 4. 14. Failed a) reference and b) PA66 added composite bending test samples. 

 
 

Figure 4.15 and Table 4.7 summarize the flexural test results of composite 

specimens with and without nanofibers. According to the flexural test results, nanofiber 

materials caused a 22.43% increase in flexural performance of CF/EP composites. 

Another reason for this increase is that the bending load is distributed between the matrix 

and the nanofibers act as an energy-absorbing material in the junction region. 

 

 

 

Figure 4. 15. Flexural strength of composite test samples. 
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Table 4. 7. Summary of Flexural test results. 

Sample Name 
 Flexural 
Strength 
(MPa) 

Max. Force 
(kN) 

Flexural 
Strain 
(%) 

Reference Avg. 436.25 428.97 0.78 

 29.41 27.39 0.08 

PA66 Modified Avg. 534.14 544.81 0.87 

 14.09 14.79 0.02 

 

 

4.3.4.  Compression Tests 
 

Compressive properties of materials, especially compressive strength, are one of 

the most critical factors affecting the design of fiber-reinforced composites. Generally, 

the tensile strength of a fiber-reinforced composite is higher than the compressive 

strength. Therefore, compressive strength is considered the weakest link during design. 

To ensure safer use of the material to be used in engineering applications, it is very 

important to improve the compressive strength without sacrificing other mechanical 

properties. 

Compression properties of composite samples cured at 180 C and 7 bar pressure 

and coated with PA66 joint area were investigated. Compression tests were carried out 

according to ASTM D695-02.  

 

 

Table 4. 8. Compressive properties of reference samples. 

Sample No 
Compressive 

Strength 
(MPa) 

Elastic Modulus 
(GPa) 

Max. Force 
(kN) 

R1 412.47 32.96 23.72 
R2 428.13 32.08 26.28 
R3 476.04 31.59 28.69 
R4 392.97 30.28 23.82 
R5 414.13 30.39 24.73 

Avg. 424.75 31.46 25.44 
St. Dev. ( ) 27.98 1.02 1.86 
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Figure 4. 16. Force vs displacement curve of reference samples under compression 

loading 

 
The pressure behavior of the reference samples is shown in Figure 4.16. As shown 

in Table 4.8, the compressive strength and elastic modulus of the reference composites 

were calculated as 424.75 MPa and 31.46 GPa, respectively. Interspersing PA66 

nanofibers at the junctional zone increased the compressive strength of the composites 

from 424.75 MPa to 490.09 MPa, and the elastic modulus from 31.46 GPa to 38.08 GPa 

(Table 4.9). The compression behavior of PA66 added samples is given in Figure 4.17. 

Compressive stress and compressive modulus values were calculated from the force-

displacement curve.  

 
 

Table 4. 9. Compressive properties of P66 added samples. 

Sample No 
Compressive 

Strength 
(MPa) 

Elastic Modulus 
(GPa) 

Max. Force 
(kN) 

1 466.34 40.67 27.46 
2 475.92 38.47 27.88 
3 484.62 41.31 28.43 
4 511.92 41.60 30.45 
5 511.67 28.35 29.70 

Avg. 490.09 38.08 28.78 
St. Dev. ( ) 18.63 4.98 1.12 
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Figure 4.17. Force vs displacement curve of PA66 added samples under compression 

loading. 

 

Figure 4.18 and Table 4.10 summarize the compression test results of samples 

with reference and PA66 nanofibers. It was determined that the compressive strength of 

PA66 composites was higher than that of the reference samples. With the incorporation 

of PA66 nanofibers, the compressive strength and compressive modulus increased by 

approximately 15.38% and 21.04%, respectively. 

 

 
(cont. on next page) 

Figure 4. 18. a) Compression strength and b) compression modulus of composite test 

samples. 

a) 
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Figure 4.18. (cont.) 

 

Table 4. 10. Summary of compression test results. 

Sample Name 
Compressive 

Strength 
(MPa) 

Elastic 
Modulus 

(GPa) 

Max. Force 
(kN) 

Reference Avg. 424.75 31.46 25.44 

 27.98 1.02 1.86 

PA66 Modified Avg. 490.09 38.08 28.78 

 18.63 4.98 1.12 

   

 

  SEM images of the reference and PA66 included samples are given in Figure 4.19. 

It is associated with the matrix material as it provides compressive strength, lateral 

stiffness and fiber stability in composites. The presence of PA66 nanofibers in the matrix 

enables the matrix to withstand higher loads in the compressive direction, increasing the 

compressive strength values of the nanofiber-coated specimens in the joint zone.              

The nanofibers added to the joint area act as a web and allow the adhesive to adhere better 

to the fibers. Compared to the reference samples, it was observed that the nanofiber-added 

composites showed better mechanical bonding performance. These results are supported 

by the data in the compression test results. 

b) 
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Figure 4. 19. SEM images of the a-b-c) reference and d-e-f) PA66 nanofiber added 

samples 

4.3.5.   Charpy-Impact Tests 
 

The average Charpy impact energy of the reference samples was measured as 

235.68 kJ/m2. SEM images of reference samples are shown in Figure 4.20. In the post-

test SEM images, it was observed that the reference samples had a glassy and smooth 

fracture surface and showed no signs of deformation. These are indicators of weak 

junctional bond strength and impact energy. 

 

a) b) c) 

d) e) f) 
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Figure 4. 20. Fracture surface SEM images of reference Charpy-impact specimens 
 

 
The average Charpy impact energy of the PA66 interspersed composite samples 

was determined as 596.64 kJ/m2. By adding PA66 nanofibers to the reference 

composites, the impact energy was increased by approximately 153.15%.                       

Figure 4.21 shows fracture surface SEM images of Charpy-impact test specimens with 

PA66 added. 

 

 

Figure 4. 21. Fracture surface SEM images of PA66 added Charpy-impact specimens 

 
Compared with reference samples, PA66 nanofiber interspersed samples 

exhibited a more complex and irregular fracture surface in the epoxy matrix, indicating 

higher plastic deformation and impact energy absorption. Moreover, this improvement is 

due to the presence of nanofibers between the junctional regions and their contribution to 

crack resistance at impact, increasing the load-carrying capacity of the samples, and 

resistance during failure. PA66 nanofibers acted as an energy absorber in the composite. 
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In addition, when the AWD ratio of nanofibers is increased by a certain amount, 

it has been proven that the composites absorb a relatively higher amount of energy, which 

shows higher impact resistance of the composites. Figure 4.22, samples with reference 

and PA66 added after impact loading. 

 

 

Figure 4. 22. a) Reference, b) Woven, c) UD and d)UD-Woven secondary 

bonding/PA66 composite test specimens after impact loading. 

 

 

Table 4. 11. Charpy impact strength of the test specimens. 

 

a

b c d
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Figure 4. 23. Charpy impact energy of composite test specimens 

 

 

Figure 4.23 and Table 4.11 show the Charpy impact strength of the test specimens. 

When the Charpy impact test results were examined, It has been shown that the impact 

energy of existing CF/EP prepreg plates can be significantly improved using the nanofiber 

coating method. Compared to the reference samples, the increase in Charpy impact 

energy was determined as 4.4%, 11.37% and 153.15% for Ud-PA66, woven-PA66 and 

Ud-woven-PA66-(secondary bonding) composites, respectively. Matrix deformation of 

the sample and the participation of PA66 nanofibers in impact absorption are the main 

reasons for this increase in impact energy. 

4.3.6.  Mode-I Fracture Toughness Tests 
 

Figure 4.24 shows the force-displacement plots of the reference samples and PA66 

nanofiber-coated DCB samples tested under Mode-I breaking load. The load-

displacement curves of the samples were notched as in the reference samples. Maximum 

load (Fmax) data for reference and PA 66 cured composite samples were calculated as 

58.60 N and 71.00 N, respectively. 
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Figure 4. 24. Load-displacement plots of a) reference and b) PA66 added composites 

under Mode-I loading. 

 
Figure 4.25 shows the GIC and delamination length curve of reference and PA66 

added composite samples. The crack initiation and propagation values for the reference 

samples were calculated as 0.05 and 0.4 J/m2, respectively. The maximum GIC value of 

the reference composites was determined as 0.77 kJ/m2. Initiation and progression Mod-

I fracture toughness values for PA 66 nanofiber interspersed composites were calculated 

as 0.06 and 0.5 J/m2, respectively. The maximum GIC value of the PA66 modified 

composites was determined as 0.85 kJ/m2. When the PA66 modified samples were 

compared with the reference samples, it was determined that the Mod-I fracture toughness 

value advanced by approximately 10.38%. 

a

b
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Figure 4. 25. GIC and delamination length curve of a) reference and b) Pa66 added 

composite samples. 

 

Table 4. 12. Summary of Mod-I fracture toughness test results. 

Sample Name 

Mod-I 
fracture 

toughness 
GICini (kJ/m2) 

Mod-I fracture 
toughness 

GICprop (kJ/m2) 

Max. Mod-I 
fracture 

toughness 
GICmax. (kJ/m2) 

Max. Force 
(N) 

Reference Avg. 0.05 0.4 0.77 58.60  4.15 
PA66 Modified 

Avg. 
0.06 

0.5 0.85 71.00  1.52 

 

 

a

b
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Figure 4.26 shows the photograph of DCB surfaces of a PA66 composite after 

Mode-I testing. Figure 4.27 shows the fracture surfaces of the reference and PA66 

interspersed composite samples after DCB testing. Compared with the                       

reference samples, the PA66 coated composite samples showed a different type of 

fracture behavior.  When  looking at the reference samples, the separation took place         

in  the  adhesion  region, while in the  PA66 coated composite samples, the separation 

first started at the adhesive and passed to the woven lamina side. This confirms that the            

nanofibers  increase  the  adhesive  strength  of  the  adhesive. 

 

 

 
Figure 4. 26. Photographs of  PA66 composite specimens under Mode-I loading 

 

 

 

Figure 4. 27. Photograph of the DCB surfaces of fractured a) reference and b) PA66 

added composite. 

 

Figure 4.28 shows post-test SEM images of crack surfaces of interspersed PA 

nanofiber and reference Mod-I samples. Images were taken from the middle part of the 

crack formation of the samples to interpret the images of the fracture surfaces. During 

testing, PA66 nanofibers resisted crack propagation in the adhesive with increased Mod 

I fracture toughness. The fiber bridges formed by the nanofibers held the carbon layers 

a

b
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and adhesive together. PA66 nanofibers created resistance to crack propagation and 

increased the energy absorption of the composites. The crack had to expend significant 

energy to separate the PA66 nanofibers. This increased the crack propagation resistance 

of the composite. 

 

 

Figure 4. 28. Fracture surface SEM images of a) reference and b-c-d) PA nanofiber 

interspersed  Mode-I reference sample. 

 

 

Table 4.13 shows the comparison of the mechanical performances of the samples 

added with PA66 in the joint area with the reference samples, according to the results 

obtained in this study. This proves that PA 66 nanofiber interleaving by the electro-

spinning method is a promising method to improve the joint zone mechanical properties 

of composites. Table 4.13 shows that the presence of PA 66 nanofibers is effective in 

improving many mechanical properties of composites such as tensile, compressive, 

flexural, shear strength and modulus. In general, higher toughness co-occurs with lower 

strength because there is an inverse relationship between toughness and strength. 

Improving fracture toughness without sacrificing in-plane mechanical properties makes 

a 

b c d 
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the PA66 nanofiber interleaving technique more effective than other techniques in the 

literature. In addition, it has been proven that the joint zone and in-plane mechanical 

properties of composites can be improved by using nanofibers at a low AWD ratio. 

Looking at the literature, it is seen that the average nanofiber diameter obtained in other 

studies using the PA 66 nanofiber interspersing method is in the range of 85-150 nm. 

 

Table 4. 13. Summarizes the comparison of the mechanical performances of the 

reference samples and the samples with the addition of PA66. 

 
 

In this study, the average diameter of the produced nanofibers is 36 nm, and the 

nanofiber AWD values and coating time are lower than other studies in the literature 
29,32,46,47. Although it is possible to obtain AWD values greater than 2 g/m2 according to 

other studies, it has been concluded that increasing the nanofiber coating time has a 

negative effect on the mechanical properties. Electrospinning parameters need to be 

optimized to observe critical improvements in the mechanical behavior of composites. In 

addition, it has been determined that nanofibers, which can be produced as homogeneous 

(beadless structure), play a very important role in achieving higher improvement in the 

mechanical performance of composites. In addition, the distribution of nanofibers in the 

junction area can lead to inconsistent results (higher standard deviations) and inaccurate 

information about the mechanical behavior of composites. 
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CHAPTER 5 

CONCLUSIONS 

In recent years, the use of composite materials has been increasing in many 

industrial products, from aircraft parts to bottle caps. Also, prepregs, which reduce the 

downside of production convenience and excess resin, are becoming practiced more and 

more preferred in industries. The performance of composite materials can be determined 

according to parameters such as choosing reinforcement and matrix materials, changing 

the fiber arrangement and type, or changing the fiber-matrix interface. Today, there has 

been an increase in demand for higher-performance composite materials in the industry. 

For this reason, studies are mostly focused on finding ways to improve the mechanical 

performance of existing composite structures. Nanocomposites, in which nanomaterials 

(nanofibers, nanoparticles, etc.) are used for reinforcement, offer new solution methods 

to improve the mechanical properties of composites. The Electro-spinning technique, 

which is the most effective and easiest method of forming nanofibers, allows us to 

produce effective materials for reinforcing composites. Nanofibers produced by 

electrospinning are obtained by interspersing on the uncured prepreg surface or evenly 

dispersing them into the polymer-based matrix. The addition of nanofibers to composite 

materials does not cause a significant increase in the thickness of the laminate and the 

volume fraction of the primary reinforcing fiber. 

In this study, it was aimed to improve the joining region  mechanical performance 

of composites by coating PA66 nanofibers to CF/EP prepregs. An innovative joining 

method has been developed by getting rid of the negative effects  (increased weight, stress 

intensifier, serious delamination problems, corrosion, electromagnetic properties/radar 

absorption, labor cost and manufacturing process, etc.) of traditionally used mechanical 

fasteners (screws, rivets, etc.). PA66 nanofibers used for surface improvement were 

chosen because they are relatively inexpensive, dissolve easily in a wide variety of 

solvents, have negligible post-coating thickness increase, and have better mechanical 

properties compared to other polymers. Furthermore, the melting points of PA66 

nanofibers are higher than the curing temperature of most composite matrices and they 

have negligible weight as area weight density. SEM analysis was used to determine 
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suitable coating parameters (homogeneous and beadless fiber production), investigate the 

morphology of nanofibers and fracture surfaces of composite samples.  

A single lap shear test was applied to demonstrate the effects of PA66 on the 

bonding zone (adhesion) properties. According to the test results, the shear strength 

values of the PA66 applied samples improved by 18.78 %.  The effect of the optimum 

thickness of the film adhesive to be used to improve the joint area properties on the sample 

was investigated. When the 0.4 mm (2 layers) and 0.6 mm (3 layers) thick adhesives 

applied in shear tests were compared with each other, it was determined that the sample 

combined with 0.6 mm thick film adhesive showed the best adhesion performance. In line 

with these results, an 38.27% improvement was achieved in the shear strength values of 

the samples, which were interspersed with PA66 and adhered with 0.6 mm thick film 

adhesive. The reasons for the increase in the shear strength of the PA66 added samples 

are the increase in the surface area, the increase in the surface roughness and therefore 

the better penetration of the adhesive into the surface. This is because PA66 adheres better 

to the composite plates and increases the bond strength of the adhesive. 

Optimum coating rate, amount of adhesive and spin time were determined 

according to lap shear test results. When the mechanical test results of the samples coated 

with these values were examined, it was shown that the use of nanofibers could improve 

the mechanical properties of the joint zone of the composites. The addition of PA66 

nanofibers to the prepregs increased the shear, tensile, compressive and flexural strengths 

by 18.78%, 10.17%, 15.38% and 22.43%, respectively. Charpy impact energy has also 

been increased by 153.15%. PA66 nanofibers increased the Mode-I fracture toughness by 

approximately 10.38 %. Another important observation was the positive effect of 

nanofibers that increases with increasing the area weight density of nanofibers by a certain 

amount. 

By the fracture surfaces (post-test) of the samples exposed to nanofiber 

interleaving were examined by SEM, it was observed that the adhesive showed better 

adhesion properties with the presence of a PA66 layer on the composite surface. 
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5.1. Future Works 

 A aging test will be applied to tensile, lap shear, compression and three-point 

bending specimens. 

 The fatigue behavior of added lap-shear specimens will be investigated. 

 The mechanical properties of composites will be increased by adding nano-

filling materials such as CNT (carbon nanotube) and graphene to PA66 

nanofibers. 

 Alternatively, the z-pinning method will be used. The prepregs will be joined 

with fine pins (thin rods/nails with a polymer matrix containing carbon 

filaments) before bonding and curing. 

 Laminate and test coupons will be produced again using the autoclave oven. 

New data will be obtained. 

 To compare the applicability of the data in our study, sample production and 

analysis combined with mechanical methods (Al-based riveting - fasteners, 

etc.) will be performed. 
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