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ABSTRACT 

 

PRODUCTION OF NANOFI BERS BY ELECTROSPINNING FOR 

INTERFACIAL TOUGHENI NG OF COMPOSITES 

 

¥z­ēnar, Zeynep Cansu 

Master of Science, Chemical Engineering 

Supervisor: Assoc. Prof. Dr. Erhan Bat 

Co-Supervisor: Prof. Dr. Bora Maviĸ 

 

September 2019, 104 pages 

 

In this work, electrospinning technique was selected for the production of nanofiber 

mats to be used in improving the fracture toughness of carbon fiber reinforced 

composites. The main purpose of this study is to improve GIC delamination mode of 

polyamide-6 (PA6) nanofibers interleaved carbon fiber reinforced polymer (CFRP) 

composite. Many studies [1]-[4] have shown that when PA6 nanofiber is used as an 

interleaving material for improving delamination modes of composites GIIC sliding 

mode could be significantly increased. However, GIC opening mode could not be 

improved or even worsened. In an attempt to solve this problem, nanofibers were 

produced with different combinations and mass ratios of Polyamide 6 (PA6), poly 

(trimethylene carbonate) (PTMC), poly (ắ-caprolactone) (PCL) and shellac polymers. 

These nanofibers were used as an interleaving material for carbon fiber reinforced 

polymer (CFRP) composites. GIC fracture toughness of produced composite laminates 

were tested by means of Double Cantilever Beam (DCB) test. After this test, fracture 

surfaces of composites were analyzed with the help of Scanning Electron Microscopy 

(SEM). Among the all results obtained during this study, 13% enhancement in GIC 

initiation stage compared to neat composite laminate were obtained with combination 

of PA6 nanofiber and shellac beads interleaving mat. 
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¥Z 

 

KOMPOZĶT ARAY¦ZEYLERĶNĶ G¦¢LENDĶRMEK Ķ¢ĶN ELEKTRO-

EĴĶRME Y¥NTEMĶYLE NANOFĶBER ¦RETĶMĶ 

 

¥z­ēnar, Zeynep Cansu 

Y¿ksek Lisans, Kimya M¿hendisliĵi 

Tez Danēĸmanē: Do­. Dr. Erhan Bat 

Ortak Tez Danēĸmanē: Prof. Dr. Bora Maviĸ 

 

Eyl¿l 2019, 104 sayfa 

 

Bu ­alēĸmada, karbon fiber takviyeli kompozitlerin ara y¿zey tokluklarēnē arttērmak 

amacēyla kullanēlacak olan nanoliflerin ¿retimi i­in elektroeĵirme yºntemi se­ilmiĸtir. 

¢alēĸmanēn asēl amacē, poliamid-6 (PA6) nanolif katkēlē karbon fiber takviyeli polimer 

(KFTP) kompozitinin GIC delaminasyon modunu geliĸtirmektir. Bir­ok ­alēĸma [1]-

[4] gºstermiĸtir ki PA6ônēn ara y¿zey katkē malzemesi olarak kullanēldēĵē KFTP 

kompozitlerinin GIIC kayma modunda ºnemli bir artēĸ saĵlanabilmiĸtir. Fakat, GIc 

a­ēlma modunda artēĸ saĵlanamamēĸ hatta daha da kºt¿ye gitmiĸtir. Bu problemi 

­ºzebilmek i­in poliamid-6 (PA6), poli (trimetilen karbonat) (PTMC), 

polikaprolakton (PCL) ve ĸellak polimerlerinin faklē kombinasyon ve k¿tle oranlarē 

ile nanofiberler ¿retilmiĸtir. ¦retilen bu nanofiberler, KFTP kompozitlerinde ara 

y¿zey toklaĸtērēcē malzeme olarak kullanēlmēĸtēr. ¦retilen kompozit laminatlarēn GIC 

kērēlma tokluĵu, ¢ift Ankastre Kiriĸ (DCB) testi ile ºl­¿lm¿ĸt¿r. Bu testten sonra, 

Taramalē Elektron Mikroskobu (SEM) yardēmēyla kērēlan kompozitlerin ara y¿zleri 

analiz edilmiĸtir. Bu ­alēĸma boyunca elde edilen t¿m sonu­lar arasēnda eklentisiz 

kompozit laminatēna kēyasla GIC baĸlangē­ deĵerinde %13ôl¿k bir artēĸ PA6 nanofiber 

ve ĸellak boncuklarēnēn oluĸturduĵu t¿l kombinasyonunun kompozit ara y¿zeyine 

eklenmesiyle elde edilmiĸtir. 
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CHAPTER 1  

 

1. INTRODUCTION  

 

Nowadays, for the aerospace industry, designers are finding a new tool in order to 

eliminate the obstacles caused by metallic components. In this regard, advanced 

composite materials are the new black due to their excellent features like lightweight, 

excellent strength and stiffness compared to other materials. The first use of composite 

materials dates back to the 1950s for the aerospace industry. In the first place, 

composites were used in tertiary parts of aircraft such as sidewalls, galleys and bag 

racks parts of aircraft. They were tried in these interior parts of aircraft since if there 

was a fail in the structure, this did not cause a harm for flying properties of aircraft. 

After this attempt was succeed, composites were started to use in secondary parts of 

aircraft like rudders, flaps, ailerons and so on. Fiberglass was mostly used in these 

composites [1]. Fiberglass is composed of fine fibers as a reinforcement and plastic as 

a matrix. It has good mechanical properties like lightweight, strong and durable 

material [2]. However, in the 1970s, instead of fiberglass, carbon fibers have been 

started to use in the most of secondary structures because carbon fiber has better 

properties such as stiffness. For the last twenty years, composite materials have been 

used in primary structures, i.e. wings, fuselage barrels and stabilizers which are the 

most critical parts of aircrafts in terms of safety [1].  Figure 1.1 illustrates the 

enhancement of the usage of carbon fiber reinforced (CFR) composites in military and 

commercial aircrafts. 



 

 

 

2 

 

 

Figure 1.1 Usage of composites in aerospace industry. [1]  

 

For instance, Dreamliner (the 787) is the new generation commercial aircraft whose 

primary parts were made up of mostly high-performance CFR composites. These 

primary parts are half of the aircraft and therefore affect total weight since usage of 

composite materials reduces its total weight correspondingly its performance. Type of 

materials used in the 787 are shown in Figure 1.2. 
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Figure 1.2 Types of materials used in the 787. [1]  

 

According to Figure 1.2, carbon laminate composites are mainly preferred since 

designers have a chance to find optimum mechanical properties thanks to the 

laminated structure of these materials. For safe design and endurance of the material, 

it is important to know failure mechanism and fatigue behavior of composites. They 

have very complicated failure mechanisms compared to that of metals.  Figure 1.3 

shows failures which are generally seen in composite laminates. 
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Figure 1.3 Damages mostly occur in composite laminates. [4]  

 

Matrix crack and fiber fracture are the intralaminar damages. These types of damages 

occur inside the plies. On the other hand, delamination which is the separation of the 

plies, is the interlaminar damage because it occurs at the interface of two sequential 

layer [4]. Among them, delamination plays a key role for the design of new structures 

since it leads to precarious crack growth and directly affects loading capacity of 

material. 

Over the past few decades, many studies have been performed on the healing of 

delamination failure of the composite laminates. Up to now, various approaches have 

been attempted in this regard such as matrix toughening, optimization of stacking 

sequences, edge cap reinforcement, thorough-thickness stitching and ductile 

interleaving.  

In this study, ductile interleaving method has been carried out to develop delamination 

resistance of the laminate composites. Nanofibers were chosen as interleaving tool. 

For production of nanofibers, polymers with higher melting temperatures should be 

used in order to allow a wide range of curing temperatures. PA nanofibers have a great 

potential since they have typical melting temperatures above 200ÁC. Also, they are 
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commonly used for such studies. There are many researches dedicated to the effect of 

polyamides on delamination of composite laminates. Saghafi [5] and Beckermann [6] 

stated that GIC and GIIC are enhanced by means of polyamide nanofibers interleaving. 

Whereas, enhancement in GIC is occurred along pre-crack or crack initiation steps. 

Propagation value of GIC is not changed or sometimes reduced due to interleaving. In 

another study, Palazetti [7], [8] et al.  reported that only minor improvements and even 

decreases on both GIC and GIIC. Moreover, according to the study of Schoenmaker [9], 

Mode I tests proved that there is a small enhancement in the toughness when PA6 

nanofibers were interleaved in the glass fiber composite. In there, the thickness of 

nanofiber veil plays a crucial role. When compared all these findings, PA nanofibers 

interleaving is worth worked on. 

In this study, PA6 is chosen as main polymer because it has great material features 

such as affordable price, low friction coefficient, high Youngôs modulus, good 

stiffness and strength, high wear and chemical resistance [10]. Also, it is compatible 

with many different polymers. In order to enhance GIC fracture toughness of both neat 

laminate, and PA6 interleaved laminate composite, shellac, PTMC and PCL are used 

as assistant polymer in nanofiber production. In this way, adhesion strength and 

compatibility between matrix and nanofibers have been expected to increase.    

The aim of choosing shellac was to achieve good adhesion between matrix and as-

spun nanofibers. For that reason, shellac nanoparticles were produced because 

functional groups in shellac nanoparticles could make covalent bond with the matrix 

(epoxy resin). Shellac is a natural and non-toxic polymer. Molecular structure of 

shellac is shown in Figure 1.4 . It consists of hydroxyl group (-OH), carboxyl group 

(-COOH), ester bond (-COO-), double bond (C=C) and aldehyde group (-CHO). 
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Figure 1.4 Chemical structure of shellac. 

 

Our expectation from shellac polymer is that hydroxyl (-OH) and carboxyl groups (-

COOH) of shellac react with epoxide group of epoxy resin which is on prepreg and 

forming ether and ester linkage [11] (Figure 1.5). In this way, we can improve 

interlayer adhesion by means of covalent bonding.  

 

 

Figure 1.5 Reaction between shellac and epoxy resin. 

 

In addition, PTMC thermoplastic elastomer is chosen as a third polymer for our 

system. It can add some elasticity to interface and balance between matrix and 

nanofiber. For effective toughening, intermediate interfacial strength should be 
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beneficial. Because if it is too strong due to shellac and epoxy interaction, the result is 

excessive debonding of nanofibers from matrix thus decreases in GIC mode.  

In addition, PCL thermoplastic polymer was selected for improving GIC without any 

chemical bonding. Balanced interdiffusion of PCL could provide sufficient adhesion 

and create strong resistance in GIC owing to better load transfer to nanofibers. 

All these polymers were used in interleaving mats. And aim of this study is to evaluate 

the contribution of micro scale (void nucleation, fiber debonding, crack pinning and 

fiber pull-out) and nano scale (shellac bridging) mechanisms on interlaminar fracture 

toughness of laminates. 
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CHAPTER 2  

 

2. BACKGROUND AND LITER ATURE SURVEY 

 

2.1. Composite Materials 

In general, the composite material is made up of two or more different constituents 

which have notably distinct properties in terms of mechanically, chemically and 

physically. However; when these different properties are combined, better properties 

rather than those of individual constituents are possessed. They have begun to be used 

in many industrial areas in order that they have excellent features like high strength 

and stiffness, wear resistance, lightweight, thermal conductivity, corrosion resistance, 

fatigue life, thermal insulation and so on.  

Composite materials are composed of a continuous phase known as matrix and a filler 

phase also called reinforcement (Figure 2.1) [12]. 

 

 

Figure 2.1 Phases of composites. [13]  

 

Matrix phase is used as a binder material. This phase has to be continuous so that it 

could be support and protect filler phase from the environment like moisture and 

chemicals. Also, it has a role of transferring stresses to the fillers. Generally, filler 
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phase has higher density, strength and stiffness than matrix. In this way, it provides 

composite to a stronger structure [13]. Moreover, reinforcements improve properties 

of composite like thermal expansion co-efficient, and conductivity. 

 

2.1.1. Classification of Composite Materials 

Whereas there are a few methods to categorize composite materials, most common 

classification is based on their matrix and reinforcement constituents as indicated in 

below Figure 2.2. By means of nature of matrix, they are divided into three main 

classes; Polymer Matrix Composites (PMCs), Metal Matrix Composites (MMCs) and 

Ceramic Matrix Composites (CMSs).  By the different reinforcement phase, 

composites are grouped into fiber-reinforced composite, particle-reinforced composite 

and structural composite materials. 
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Figure 2.2 Classifications of composites based on matrix and reinforcement. 

 

Matrix and filler phases could be chosen with respect to performance needs of the 

desired composite and its usage condition. Table 2.1 summarizes some types of 

composites and their application areas. 
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Table 2.1 Composite types, their properties and applications. 

 Type Property Application Area 

M
a
tr

ix
 

Ceramic [14] 

Light weight, 

excellent creep 

resistance, high 

temperature 

strength 

Civil aircraft application 

Metal [15], [16] 

Good thermal and 

electrical 

conductivity, good 

wear and heat 

resistance 

Automotive and marine 

industry 

Polymer [17] 

Low weight, high 

strength, corrosion 

resistant. 

Rocket nozzles, wind 

turbines, wheelchairs, 

brake pads for aircraft. 

R
e
in

fo
rc

e
m

e
n

t 

Fiber [18]ï[21] 

High-temperature 

material, low 

weight/high 

stiffness, good 

chemical resistance 

Aerospace and aircraft 

industry, marine 

application, automotive 

industry, sporting goods 

industry 

Particle [22], [23] 

Quickly hardened, 

fracture resistant, 

strong 

Concrete, cements, 

dental applications 

Structural [24] 

Excellent stiffness 

to weight ratio, 

capable of 

absorbing large 

amount of energy. 

Automotive, aerospace, 

marine, civil and 

aeronautical applications 

 

2.1.2. Advantages and Disadvantages of Composites 

In addition to compositeôs advantages, they have also some disadvantages when 

compared to other materials. Table 2.2 shows the summary of pros and cons of 

composites [25]. 
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Table 2.2 Pros and cons of composites. 

Pros Cons 

Light weight, high strength Very expensive 

High degree of freedom in material 

and process 
Cannot be easily repaired 

Corrosion and chemical resistance UV-sensitive 

Fatigue resistance 
Recycling process not developed 

enough. 

Possible design to requirements 

(strength, stiffness, thermal resistance 

etc.) 

Finishing not well-developed. 

 

2.1.3. Composite Laminates 

Composite laminates are getting reputation in a wide variety of industries like 

aerospace, marine, sports gear, automotive and many other applications. Especially, 

carbon fiber reinforced plastic laminates are considered as the new base high-

performance composite material due to their high performance and mechanical 

properties [26]. Most of this type of laminates are made up of pre-impregnated fibers 

which is also known as prepreg (Figure 2.3).   

 

 

Figure 2.3 Carbon fiber prepreg. [28]  
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Mostly, prepreg has a combination of fiber reinforcement and highly viscous matrix. 

Prepreg could be unidirectional form (one directional reinforcement) and fabric form 

(several directions of reinforcement). In order to prevent complete polymerization 

and, help for ease of handling, the resin matrix of prepreg which is generally epoxy, 

is partially cured and conserved in a cold place. To obtain full polymerization, heating 

process will be needed [27]. 

For tailoring (stiffness, strength, thermal stability), composite laminates are produced 

by placing prepregs at desired place with desired angles. Also, the desired composite 

thickness could be obtained by placing few plies of prepreg.  

If a lay-up is made up of a single ply or plies with same orientation, this is called as 

lamina. However, if plies are bound with different angles, this lay-up is called as 

laminate [28]. The layers of a laminate generally have various orientations in between 

-90Á and +90Á. Laminate sequences are represented by [a/90/b/c/0/d/é]. Here, ñaò 

shows the first ply orientation, ñ90ò shows the second ply orientation, and so on. 

For instance, [45/0/-15/90/45] is a five-ply laminate [29]. Figure 2.4 represents 

stacking of prepreg plies to a laminate with different angles of fibers [30]. Various 

fiber orientations and stacking sequences affect structural response, failure and 

damage mechanism of composite laminates. 

 

 

Figure 2.4 Stacking of prepreg plies to a laminate with different angles of fibers. [32] 
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2.1.4. Failure and Damage Mechanisms for Composite Laminates 

When the structure losses its function, this situation could be called as a failure. There 

are some criteria in order to designate the failure mechanism. These are stiffness, 

yielding fatigue life, impact resistance, bending, corrosion resistance and so on. On 

the other hand, laminates failure mechanism is a precious case since before laminates 

rupture completely, they have some local failures and these local failures are called as 

damage. The list which includes damages mostly occurred in composites is given 

below. 

ü Splitting 

ü Buckling 

ü Fatigue 

ü Impact damage 

ü Creep and stress relaxation 

ü Delamination 

Splitting- When the fibers run in one direction and adhesion latitudinal to fiber 

direction, splitting could be occurred in composite laminates. Some cracks will be 

developed parallel to fibers direction. Generally, in-plane bending and a wedge effect 

in a bearing or connection are the reasons of this failure mechanism [25]. 

Buckling- Without considering type of material, buckling could be seen at a low 

applied stress and causes big deformation on the composite laminate [31]. Buckling 

in composite laminates often leads to delamination damage on the composite. To 

overcome buckling failure mechanism, more rigid structure will be needed. Moreover, 

by means of reducing length and using thicker layer might be helped to this problem 

[25]. 

Fatigue- Like in steel, fatigue causes damage in composites. However, failure 

mechanism is a bit different than those of steel. In steel material, crack is caused due 

to varying loads repeated continually and it grows further by effect of alternating 

loads. The structure of steel is broken when the crack length achieved its critical value. 
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On the other hand, in composite laminate, there are numbers of fatigue cracks and they 

could develop at the same time in various directions. These cracks might be combined 

and cause great cracks and delamination [25]. 

Impact damage- Generally, it is hard to see and detect the damage from impacted 

surface of composite laminates because of their elastic behavior.  

Creep and stress relaxation- In composite laminates, fibers transport the load, and 

relax the stress on resin. As a result, creep will take place. Creep behavior is highly 

affected by higher temperature and other environmental conditions [25]. 

Delamination- When two neighbor plies of the composite laminate separate from each 

other, this is called as delamination. It is the most crucial failure mechanism for 

laminates because it highly affects durability and damage tolerance of composite 

material. 

 

2.2. Delamination 

Delamination (Figure 2.5) [32] is the one of the most crucial failure mechanism and 

evaluation of this failure is important to understand damage tolerance of composites.  

Delamination is a sneaky failure mode since it is generally invisible and not detected 

by visual inspection. It has adverse effects on stiffness and strength of composites, 

therefore; lifetime of material is reduced when delamination is occurred.  

 

 

Figure 2.5 Delamination failure mechanism. [34] 
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2.2.1. Delamination Modes 

Delamination could grow under three basic modes (Figure 2.6); crack opening mode 

(Mode I), sliding shear mode (Mode II) and scissoring shear mode (Mode III). Also, 

delamination could develop in the mixed-mode which is composed of various 

combination of these three basic modes.  

 

 

Figure 2.6 Modes of delamination.  [35] 

 

The critical energy strain rate which has symbol with GC, is mostly known as total 

required energy to begin delamination failure in material. Each delamination modes 

have its own GC values, i.e., GIC for Mode I, GIIC for Mode II and GIIIC for Mode III. 

Different test methods are used to measure all these values.  

Mode I: The double-cantilever beam (DCB) test is mostly used for determination of 

GIC (the interlaminar fracture toughness in mode I) and recently, this test is 

standardized by American Society for Testing and Materials (ASTM). Test specimen 

is shown in Figure 2.7. 
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Figure 2.7 The geometry of DCB test specimen. [36]  

 

Mode II: The end notched flexure (ENF), the stabilized end notched flexure (SENF), 

the four- point end notched flexure (4ENF) and the end loaded split (ELS) test 

specimens could be used for measuring the interlaminar fracture toughness in Mode 

II. Among them, the end notched flexure (ENF) test has been widely used to predict 

pure mode II delamination result. Figure 2.8 represents the geometries of Mode II test 

specimens. 
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Figure 2.8 The geometries of Mode II test specimens; (a) ENF; (b) SENF; (c) 4ENF; (d) ELS. [36] 

 

Mode III: The split cantilever beam (SCB) test is used to measure the interlaminar 

fracture toughness in Mode III. However, calculation of pure Mode III delamination 

is quite difficult. Studies of Martin [33] and Donaldson [34] shows that pure Mode II 

results could not be obtained with the SCB test. The edge crack torsion (ECT) test has 

been used to get pure GIIIC value. The geometries of test specimens for Mode III 

measurement are shown in Figure 2.9. 
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Figure 2.9 The geometries of specimen for Mode III tests; (a) SCB; (b) ECT. [36] 

 

Mixed-Mode: There are six widely used test methods for calculating mixed-mode 

fracture toughness value. These are the mixed mode bending (MMB), the mixed mode 

flexure (MMF), the cracked lab shear (CLS), the single leg four point bend (SLFPB), 

the asymmetric DCB (ADCB) and the Arcan. Generally, MMB specimen has been 

used for the mixed-mode.  All mentioned test specimensô geometries are in Figure 

2.10. 
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Figure 2.10 The geometries of specimen for Mixed-Mode tests; (a) MMB; (b) MMF; (c) CLS; (d) SLFPB; (e) 

ADCB; (f) the Arcan. [36] 
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2.2.2. Sources of Delamination 

Discontinuities in composite structure are the most common reason of delamination 

because they lead to increase on interlaminar stresses [36].  Figure 2.11 represents 

main sources of these discontinuities. 

 

 

Figure 2.11 Sources of delamination. [36] 

 

Because of unaligned peculiar layers, delamination may take place at stress free edges. 

It also happens at region where the thickness of material is decreased. In addition, 

delamination occurs at bending area. All failure modes generally occur in case of 

delamination.   
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2.2.3. Proposed Solutions to Delamination Failure 

Nowadays, designers have a great concern for finding new constructions in order to 

restrain delamination in material structure. Most of researchers have been dealing with 

understanding and preventing breakdown mechanism behind of delamination. All of 

these studies have a contribution to improvement on delamination failure by means of 

developing materials and their constructions. Decreasing interlaminar stresses and 

increasing fracture toughness are essential points for healing delamination. In light of 

this concept, there are numerous approaches to heal delamination failure and improve 

the performance of laminate composites over the years. Matrix toughening [35], 

optimization of stacking sequences [36], edge cap reinforcement [37], through-

thickness stitching [38] and ductile interleaving are shown as an example of such kind 

of researches. However, each solution mechanism also has some limitation and Table 

2.3 summarizes limitation of proposed solution mechanisms. 

  



 

 

 

24 

 

Table 2.3 Summary for limitation of proposed solution techniques. 

 Methods Disadvantages 

 

Matrix toughening 

Decrease overall 

shear modulus and 

lose in glass 

transition 

temperature (Tg) of 

resin. 

 

 

 

 

 

 

 

Optimization of 

stacking sequences 

May not work 

when applied load 

is inverted. 

 

 

 

 

Edge-cap 

reinforcement 

High 

manufacturing cost 

and enhance 

rigidity 

 

 

 

 

Through-thickness 

stitching 

Adverse effects on 

strength and fatigue 

life of laminates 

 

 

 

 

Ductile 

interleaving 

Increase in weight 

and decrease in-

plane mechanical 

properties 
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First attempt is the modification of the chemistry of the resin composites. In this way, 

fracture toughness of resin is raised when compression strength of composite is still 

same. In this technique, at least one component is added to resin base and added 

component should have lower shear modulus than that of resin base. According to 

study conducted by J. Verrey [35] et al. in 2005, the hyperbranched polymers (HBPs) 

is used to modify resin in order to enhance interlaminar toughness of carbon/epoxy 

composite laminate. With the addition of 7.5% HBP into epoxy resin, GIC value is 

raised from 600 J/m2 (for pure epoxy resin) to 750 J/m2. On the other hand, modified 

epoxy resin causes poor fiber-matrix interfaces and in order to heal this functionality 

problem, amine is added to modified epoxy resin. Figure 2.12 illustrates the 

configuration of amine groups, HBPs and epoxy chains. As a result, both the problem 

caused by poor matrix-fiber interface is solved and GIC values increases from 750 J/m2 

to 1400 J/m2. However, amine groups addition to interface could be disadvantageous 

because it lowers glass transition temperature of resin from 184 ÁC to 150 ÁC. 

 

 

Figure 2.12 The configuration of amine groups, HBPs and epoxy chains. [39] 

 

Another approach of healing delamination is to change stacking sequences of plies. 

With this technique, there may be a change in the interlaminar or intralaminar strength 

in laminate composite. Therefore, failure caused by delamination could be lowered or 
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prevented. On the other hand, this solution does not work when the applied load on 

composite laminate is inverted since the stress on the laminate is also inverted [36]. 

Edge cap reinforcement by means of packing the edges of laminate composites is 

another preventing solution for delamination. The study conducted by Howard [37] 

shows that with edge capping technique, interlaminar stresses is lowered and fatigue 

strength is increased. Nevertheless, this technique could be costly and, also enhance 

the rigidity of laminate in bending aspect. 

Through-thickness stitching helps for resisting out-of-plane tensile strength and 

preventing delamination growth.  In case of any impact, stitching holds together plies 

of laminate and mostly suppress delamination; however, it has negative effect on the 

fatigue life of laminates which are mainly composed of fibers [38].  

All the proposed solutions and designs mentioned above have a reduction in 

delamination, but have also important enhancement in weight, cost and some loss of 

in-plane stiffness and strength. By the way, ductile interleaving is a favorable method 

for both solving these problems and delamination. Figure 2.13 illustrates three main 

constituents which are used as an interleaving material. These are particles, film and 

nanofibers. 

 

 

Figure 2.13 Constituents used in interleaving. [43] 
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According to Hojoôs [39] study related with particles interleaving, polyamide particles 

with a commercial name of T800H/3900-2 was used to enhance interlaminar strength 

of laminate composite. Carbon fiber/epoxy laminate was used for this study. 

Schematics of cross section of interleaved laminate is shown in Figure 2.14. 

 

 

Figure 2.14 Representation of cross section of laminate with particles interleaved. [44] 

 

Polyamide particles interlayer was put into each layer of laminate composite. DCB 

test was used to measure GIC values of T800H/3900-2 laminate (particle interleaved) 

and T800H/3631 laminate (reference). Figure 2.15 indicates the results for GIC 

measurements. GIC initiation value of particle interleaved laminate is approximately 

four times greater than that of reference laminate. 
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Figure 2.15 Relationship between fracture toughness and increment of crack length for T800H/3900-2 particle 

interleaved laminate and T800H/3631 reference laminate. [44]  

 

The other outcome of Hojoôs study is that delamination is developed in toughened 

region with particles and crack path grows to untoughened region which is interface 

of interlayer and base lamina (Figure 2.16). 
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Figure 2.16 Crack path during Mode I measurement. [44]  

 

However, this approach has a limitation such that there is an increase in thickness by 

up to 30%. This may lead to decrease in-plane mechanical properties of composite. 

Moreover, particle interleaving has a potential of lowering glass transition 

temperature. 

As distinct from particle interleaving, film interleaving gives an opportunity to make 

blends of different polymers with different features.  Hojo [39] et. al. in 2006 was used 

the ionomer film as a film interleaving material at the only midplane of laminate which 

made up of carbon fiber/epoxy prepregs of Toho UT500/111 via hot press. Films with 

thickness of 25 Õm and 100 Õm were used in this study. Figure 2.17 illustrates the 

representation of laminate cross section with film interleaved. 
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Figure 2.17 Representation of laminate cross section with film interleaved. [44]  

 

According to DCB test results (Figure 2.18), GIC fracture toughness values are 

increased with film interleaving when compared to GIC value of base laminate. In 

addition, Figure 2.18 also shows that when the film thickness increases, GIC fracture 

toughness also increases. 
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Figure 2.18 Relationship between fracture toughness and increment of crack length for UT500/111/Ionomer film 

interleaved laminates and UT500/111 base laminate. [44]  

 

Both particles and film interleaving methods have a significant improvement on GIC 

fracture toughness by means of enhancing interlaminar toughness and decreasing rate 

of delamination growth; however, interleaf used in these techniques has a higher 

thickness approximately 20-50% of single ply. As a result of this, laminate thickness 

is also raised and most probably, reduction in in-plane mechanical properties of 

laminate is occurred. 

As an alternative for these two interleaving techniques, nanofibers is a promising 

material in this regard because nanofibers could eliminate all the limitation caused by 

other interleaving techniques like loss of in-plane stiffness and strength, increase in 

weight of laminate, no complication in production sequence and change in glass 

transition temperature. 

According to study conducted by Shivakumar [40] et al. in 2009, using nanofibers as 

an interleaving material in composite laminates enhances fracture toughness, 
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damping, fatigue delamination growth while there is no significant change in weight 

and in-plane mechanical properties of composite. 

In Shivakumarôs study, Nylon 6,6 polymer was selected for production of nanofiber. 

Laminate is composed of 20 layers of prepregs. Two layers of nanofiber mat are placed 

in bottom and top layer of 10th layer of prepregs. Reference laminate was named as 

AS4/3501-6 and laminate with nanofiber mat was named as interleaved AS4/3501-6 

composite. Figure 2.19 demonstrates GIC fracture toughness of neat and nanofiber 

interleaved AS4/3501-6 laminates. With interleaving process, fracture toughness of 

composite is increased by approximately 1.5 times. 

 

 

Figure 2.19 Graph of fracture toughness versus crack length of base and interleaved AS4/3501-6 composites. 

[45]  

 

Nowadays, researchers and designers are still working on this approach to heal 

delamination. Most important point of using nanofiber as an interleaved layer is that 

nanofiber polymer and resin which are used in laminate production should be 
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chemically compatible. If not, required chemical bonding for elongation and fiber 

bridging are not provided; therefore, this approach is not enough to heal delamination. 

2.3. Electrospinning 

Electrospinning is the most preferred method in order to produce nanofibers because 

of its simplicity and ability to generate non-woven nanofiber mats with high surface 

to volume ratio. Thanks to large surface area of electrospun nanofibers, they could be 

used in many different application areas such as, tissue engineering, catalysts, 

biosensors, automotive sector, defense industry, biomedical applications and so on.  

It also enables to produce uniform and long nanofibers with different size and shapes. 

Generally, diameters of electrospun nanofibers are ranging from hundreds of 

nanometers to micrometer.  Huge range of polymers from natural to synthetic could 

be used in production of nanofibers with electrospinning.  

Electrospinning setup is composed of three main equipment which are syringe pump 

with variable needle (single, double or co-axial), high voltage power supply and 

metallic collector (planar, grooved, patterned or rotating). Basic schematic diagram of 

this setup is illustrated in Figure 2.20. 
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Figure 2.20 Schematic of experimental setup for electrospinning. 

 

During the electrospinning process, air conditioner is mostly used in order to maintain 

room humidity and temperature constant. High voltage (the range a few tens of 

kilovolts in DC) is applied between metallic collector and syringe tip which is 

generally a needle. Thanks to electrostatic forces between these two, droplet of 

polymeric solution at the tip of the syringe is turned to a conical shape which is known 

as Taylor Cone.  The dominancy of electric field is greater than the surface tension of 

polymeric solution, solution is ejected to metallic collector. When the solution jet is 

flying in air, solvent in the polymeric solution evaporates and leaving nanofibers 

behind. In consequence of this, charged nanofibers are collected on metallic ground. 

 

 

 

 



 

 

 

35 

 

2.3.1. Parameters for Electrospinning 

Electrospinning process could be affected some parameters (Figure 2.21) and these 

parameters are categorized into three groups: 

ü Ambient condition parameters 

ü Polymer solution parameters 

ü Process condition parameters 

 

 

Figure 2.21 Parameters for electrospinning. 

 

Humidity: Kim [41] et al. in 2004 conducted a study which showed that fiber diameter 

increases when relative humidity in electrospinning chamber air increases. Moreover, 

it affects fiber morphology by means of affecting evaporation rate of solvent. During 

evaporation stage of solvent in electrospinning process, high humidity causes some 

solvent inside the jet when it reaches the ground collector. After all solvent evaporates, 

pores are created on the surface of the fibers.  

Temperature: It affects both viscosity of solution and the evaporation rate of solvent. 

Increasing temperature causes decreasing viscosity of solution and increasing the 

evaporation rate of solvent. Therefore, fiber diameter decreases [42]. 
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Dielectric constant: When the dielectric constant of solution enhances, solution could 

store more charges. This leads to more elongation of polymeric jet, then nanofiber 

diameters are lowered. The study conducted by Lee [43] et al. in 2003 states that 

poly(ắ-caprolactone) (PCL) is insoluble in N,N-dimethylformamide (DMF), but 

soluble in methylene chloride (MC). However, dielectric constant of DMF is higher 

than that of MC. Therefore, addition of DMF into polymeric solution of PCL in MC 

increases the total dielectric conductivity of polymeric solution. As a result of this, 

smaller diameter nanofibers are produced in this case. 

Conductivity: To form nanofiber, jet should be stretched by means of repulsion of the 

charges at polymeric droplet. When the conductivity of the polymeric solution is 

raised, charges on the jet are also raised. Sometimes, charges on the jet are not enough 

to stretch electrospinning solution to get smoother and finer nanofiber. In that case, 

some salt could be added in solution to increase jet charge and cause to higher 

elongation on the polymeric jet. Therefore, less bead and more finer nanofiber 

formation are achieved [44]. 

Molecular Weight and Concentration: If low molecular weight polymers are used in 

electrospinning, bead formation could be occurred because molecular weight of 

solution is related with the number of chain entanglement which has a crucial role for 

spinnability of polymer solution [45]. Moreover, molecular weight of polymer 

influences concentration of solution as well as solution viscosity. In the study of Ki et 

al. [46], there is a correlation between concentration and fiber diameter. When the 

concentration of the electrospinning solution increases, fiber diameter also increases.  

Viscosity: As mentioned before, solution viscosity is affected by solution 

concentration. Increasing solution concentration means that increasing solution 

viscosity. For the determination of fiber morphology, viscosity is the most crucial 

parameter. Beads are formed instead of nanofibers at low viscosity (or concentration) 

because the polymeric solution is spread, and the name of this process is called as 

electrospraying. On the other hand, at high viscosity (or concentration) polymeric 
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solution droplet may dry at the tip of need, then optimal viscosity should be found in 

order to produce continuous and linear nanofibers.   

Surface tension: For the initiation of electrospinning process, surface tension of the 

liquid jet should be less than intensity of the electric field. Some solvents with low 

surface tension may be added to polymeric solution to lowered surface tension of 

electrospinning solution and then produce fiber without beads. 

Voltage: There is a correlation between applied voltage and electrostatic repulsive 

forces. According to study conducted by Megelski [47] et al. in 2002, only by 

increasing spinning voltage, fiber diameter is decreased while all other parameters 

kept constant. 

Flow rate: The flow rate of solution affects bead size and fiber diameter because 

volume of solution ejected towards to collector increases with increasing flow rate. 

Bead size and fiber diameter proportional to flow rate of the solution. 

Tip-to-collector distance (TCD): It has an effect both the travelling time of jet and 

electric field strength on the jet. When TCD is lowered, electric field strength increases 

and travelling time of solution jet decreases. Therefore, the solvent in solution jet does 

not have enough time to evaporate before reaching the grounded collector. On the 

other hand, when the TCD is increased, solution jet elongates more and have more 

time to reach grounded collector. Thus, fiber diameters will be smaller [44]. 

 

2.4. Polymers Used in Nanofiber Production for Interfacial Toughening (IFT) 

The main reason of the preference of nanofibers as an interleaving agent is that 

nanofibers help to decrease stresses caused by mismatching plies. They also play a 

role as a bond between plies with keeping the weight and in-plane mechanical 

properties of composite same. In the literature, many different polymers have been 

used in production of nanofibers for the aim of using interleaving material in 

composite laminates. Some examples are polysulfones (PSF) [48], poly (vinylidene 
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fluoride) (PVDF) [49], poly (vinyl alcohol) (PVA) [50] ,polyvinyl butyral (PVB) [6], 

poly(ắ-caprolactone) (PCL) [3], [51] and polyamide (PA) [3]. These polymers have 

distinct mechanical behaviors as well as chemical structures. All these factors affect 

the adhesion between fiber and epoxy. Nanofibers with all types of polymer have 

significant effects on mechanical behaviors of composite laminates such as fatigue 

strength, impact resistance, damage resistance, fracture toughness and so on. Table 

2.4 summarizes results of studiesô effects on GIC fracture toughness. 

 

Table 2.4 Polymers used in IFT and their effects on GIC. 

Polymers used in IFT Changes in Mechanical Properties 

Polysulfones  

(PSF) [48] 

280% improvement in GIC compared with reference 

(without nanofiber) laminate 

Poly(vinylidene fluoride) 

(PVDF) [49] 

GIC improved by 43% for initiation and 36% for 

propagation stages. 

Poly(vinyl alcohol) 

(PVA) [50] 

GIC improved by 65% for initiation and 73% for 

propagation. 

Polyvinyl butyral  

(PVB) [6] 

GIC improved by 53% for initiation and 16% for 

propagation. 

Poly(ắ-caprolactone) 

(PCL) [51] 

GIC improved by 92% for initiation and 34% for 

propagation 

Polyamide 6 

(PA6) [3] 

Slightly or no increase in GIC. 

 

Daelemans [3] et al. in 2016 worked with PA6 and PCL nanofibers for IFT of 

composite laminates.  According to working result, PCL has significant effect on both 

GIC and GIIC fracture toughness values. On the other hand, PA6 has a great 

improvement on GIIC fracture toughness value, but slightly or no changes in GIC 

fracture toughness. Figure 2.22 illustrates graphical representations of studyôs result. 
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Figure 2.22 Comparison of GIC and GIIC values for PCL and PA6 nanofibers interleaved composites and 

reference composite. [3]  

 

After Mode II loading, both PA6 and PCL nanofibers form bridging zones and 

nanofibers straining during impact loading. Thanks to this straining, GIIC of both 

interleaved composite laminates are enhanced. SEM micrographs of fracture surfaces 

(Figure 2.23) represent bridging zone and straining of nanofibers. 
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Figure 2.23 SEM micrographs of fracture surfaces composites interleaved with PA6 and PCL nanofibers after 

Mode II loading. [3]  

 

Moreover, SEM analysis of fracture surfaces after Mode I loading of these composites 

(Figure 2.24) revealed that PCL nanofibers form bridging zone and this could be led 

to debonding and breakage of nanofibers. This contributes to improvement on fracture 

toughness. Nevertheless, PA6 nanofibers interleaved compositeôs fracture surface 

micrographs show peeling of nanofibers due to low adhesion between nanofibers and 

epoxy matrix. 
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Figure 2.24 SEM micrographs of fracture surfaces composites interleaved with PA6 and PCL nanofibers after 

Mode I loading. [3]  

 

By looking these results, further investigations are needed about the interlaminar 

fracture toughness enhancement on GIC with PA6 nanofibers.  

 

 

 
































































































































