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ABSTRACT 

 

PERFORMANCE IMPROVEMENT OF COMPOSITE MATERIALS 
USED AS HYDROGEN STORAGE TANKS BY MICROSTRUCTURAL 

MODIFICATIONS 
 

The goal of this Ph.D. thesis is to improve the performance of the cylindrical 

composites manufactured by filament winding method by using the toughened matrix 

resin with nano-sized filler (noncovalently functionalized with ethoxylated alcohol 

chemical-vapor-deposition-grown SWCNTs). The effect of SWCNT concentration on the 

mechanical performance of these composites was investigated and discussed. One of the 

main focus of this thesis is to examine the effect of nano-sized filler type and filler 

concentration on the performance of the epoxy-based composites. For this purpose, 

epoxy-based nanocomposites with different nano-sized filler types (SWCNT, TEGO, and 

HNT) at varying concentrations were developed by a calendaring (3-roll-mill) method. A 

series of mechanical tests were performed for reference composite and developed 

nanocomposites. The scanning electron microscopy (SEM) was used to reveal the 

morphology and toughening mechanisms by examining the fractured surface of 

nanocomposites. The rheological behaviors and contact angle measurements with glass 

fiber of the selected filler (SWCNT) incorporated epoxy suspensions were investigated 

to determine the suitability of suspensions for the filament winding process. The reference 

and SWCNT modified glass fiber (GF)-based cylindrical fiber-reinforced polymeric 

composites (CFRPCs) with an inner diameter of 60 and 275 mm were manufactured by 

the filament winding method. The split-disk and three-point bending tests were performed 

for GF-based CFRPCs. The double cantilever beam (DCB) test was also carried out for 

the reference and SWCNT modified GF-based CFRPCs to investigate the effect of 

SWCNT existence on the interlaminar fracture toughness of CFRPCs. The fractured 

surfaces after the DCB test were analyzed under the SEM to comprehend the toughening 

mechanisms, and micro-and nano-sized filler morphologies. Consequently, it was 

revealed that blending and hence toughening the epoxy resin with SWCNT improves the 

interlaminar properties of the GF-based composites. 

 



 

v 

ÖZET 

 

HİDROJEN DEPOLAMAYA YÖNELİK KOMPOZİT TANK 
MALZEMELERİNİN PERFORMANSININ MİKROYAPI 

MODİFİKASYONU İLE İYİLEŞTİRİLMESİ 
 

Bu doktora tezinin amacı; nano-boyutlu dolgu (etoksilenmiş alkol ile kovalent 

olmayarak fonksiyonlandırılmış kimyasal-buhar-biriktirme-ile-üretilen SWCNT'ler) ile 

toklaştırılmış matris reçinesi kullanarak filament sarma yöntemi ile imal edilmiş silindirik 

kompozitlerin performansını arttırmaktır. SWCNT konsantrasyonun bu kompozitlerin 

mekanik performansı üzerindeki etkisi araştırılmış ve tartışılmıştır. Bu tezin önemli 

odaklarından biri; nano-boyutlu dolgu tipi ve dolgu konsantrasyonunun epoksi-bazlı 

kompozitlerin performansına etkisini incelemektir. Bu nedenle, değişen 

konsantrasyonlarda farklı nano-boyutlu dolgu tiplerine sahip (SWCNT, TEGO ve HNT) 

epoksi-bazlı nanokompozitler kalenderleme (3-silindirli-değirmen) yöntemi ile 

geliştirilmiştir. Referans kompozit ve geliştirilmiş nanokompozitler için bir dizi mekanik 

test gerçekleştirilmiştir. Nanokompozitlerin kırılma yüzeyi inceleme yolu ile morfolojiyi 

ve toklaştırma mekanizmalarını anlamak için taramalı elektron mikroskobu 

kullanılmıştır. Seçilen dolgu (SWCNT) içeren epoksi süspansiyonlarının filament sarma 

işlemine uygunluğunu belirlemek için reolojik davranışları ve cam elyaf ile temas açısı 

ölçümleri incelenmiştir. İç çapı 60 ve 275 mm olan referans ve SWCNT modifiye edilmiş 

cam elyaf bazlı silindirik elyaf ile kuvvetlendirilmiş polimerik kompozitler filament 

sarma yöntemi ile üretilmiştir. Silindirik elyaf ile kuvvetlendirilmiş polimerik 

kompozitler için bölünmüş-disk ve üç nokta eğme testleri yapılmıştır. SWCNT içeriğinin 

silindirik elyaf ile kuvvetlendirilmiş polimerik kompozitlerin laminalar arası kırılma 

tokluğu üzerindeki etkisini araştırmak için de Çift Ankastre Kiriş (DCB) testi referans ve 

SWCNT modifiye edilmiş kompozitler için gerçekleştirilmiştir. Çift Ankastre Kiriş 

testinden sonra kırılan yüzey, toklaştırma mekanizmalarını ve mikro-ve nano-boyutlu 

dolgu morfolojilerini anlamak için taramalı mikroskop ile analiz edilmiştir. Sonuç olarak, 

epoksinin SWCNT ile karıştırılması ve neticesinde toklaştırılmasının, GF-bazlı 

kompozitlerin laminar arası özelliklerini iyileştirdiği belirlenmiştir. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1. Background 

 

 

Hydrogen is the first and the lightest element in the periodic table. Besides, it is 

the most common element in the Universe, so it can be produced from almost all energy 

sources. Hydrogen can be in the form of gas or cryogenic liquid. However, hydrogen 

remains a gas at atmospheric temperatures and extremely high pressure. According to 

lightness, storability, and no pollutants or greenhouse gas emissions, hydrogen has been 

increasingly used as an alternative energy source since 1975. Moreover, as seen in Figure 

1.1 demand for hydrogen usage has been growing and it is also going to show an 

increasing consumption trend in the future 1,2.  

 

 
 

Figure 1.1 “World final hydrogen consumption by sector (H2 case)” (Source: WETO-

H2, 2006)  

 
Figure 1.2 shows the CO2 emission caused by transportation. In the way that, 

according to the World Resource Institute (WRI), transportation (road, rail, air, and 

marine) caused 24% of CO2 emission in 2016, and CO2 emissions from transportation 

increase at a higher rate than other sectors. Also, 75% of the transportation emission 
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comes from road vehicles, which can be seen in Figure 1.3 1,3. In other words, 

transportation -including road, rail, air, and marine transportations- has a great effect on 

climate change. Additionally, one-quarter of the CO2 emission is caused by the burning 

of fossil sources is from transportation. 

 

 
 

Figure 1.2 CO2 emission caused by transportation (Source: IPCC World resource 

institute)  

 

 
 

Figure 1.3 CO2 emission rate depending on the year for transportation (Source: IPCC 

World resource institute) 
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On account of the vast majority of environmental pollution that comes from 

transportation, the common objectives of the Automobile sectors, which focus on 

alternative fuels, are 4; 

• Converting the Internal Combustion engine with hydrogen fuel,  

• Establishing storage techniques of hydrogen onboard vehicles. 

Internal combustion engines powered by fuels like gasoline or diesel fuel, derived 

from fossil fuels 4. Toxic gas (hydrocarbons, nitrogen oxide, etc.) and particles (carbon 

soot), carbon dioxide (CO2), methane (CH4) and, other gaseous that come out from the 

pipeline are greenhouse gases that contribute to global warming and cause serious 

environmental pollution 5. For this reason, the European Union and other developed 

countries are making intensive efforts to prevent environmental pollution and avoid fossil 

fuel dependence. At present, scientists research replacing fossil fuels with natural 

compressed gasses both to increase vehicle performance and prevent environmental 

pollution. Because of zero greenhouse gas emissions, high energy efficiency, and 

unlimited nature, hydrogen is considered the new energy carrier of the next century. 

While purified hydrogen causes almost no carbon exhaust emissions, it also eliminates 

emissions such as hydrocarbon, carbon monoxide, and carbon dioxide 5.  

The EU project “World energy technology outlook – 2050” (WETO-H2) was 

created to seek feasible solutions for the critical constraints in the supply of oil and gas 

resources, due to the economic growth and world population together with energy 

demand, the future prices, and performances of energy technology. Based on a series of 

studies conducted so far, the current market behavior shows that access to the sources of 

fossil fuel to meet the increasing demand in the future will be difficult. The main purpose 

of WETO-H2 is to foresee the improvement of long-term power generation and renewable 

technology due to the restrictions on resources and emissions. The scenarios of WETO-

H2 as followed 2;  

• Production of hydrogen with chemical, thermo-chemical and electrical,  

• Carbon capture and storage options in addition to fossil fuels to generate 

hydrogen and electricity,  

• Production of electricity by fossil fuels, renewable energy or hydrogen,  

• Lower the emission and improve the performance of vehicles. 

Apart from climate change, the need for alternative resources has been increasing 

due to some cases like; increase in energy needs, an increase in oil and gas prices, limited 
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access to oil resources, etc. 1. Therefore, policies targeting the usage of hydrogen 

technologies especially focused on transportation, and the number of countries supporting 

these policies have been increasing. 

All energy chains must be evaluated from the production to the stage of 

consumption. Accordingly, production, storage, transportation, and distribution of 

hydrogen, which is an alternative renewable energy source, should be considered 6. 

Hydrogen is an alternative renewable and sustainable transportation fuel, due to 

be an abundant element in the Universe. However, it does not exist alone on the planet. 

In the last decades, the production of hydrogen technologies has been developed by 

reducing the cost 5. Commercial hydrogen is produced by two main processes;  

• steam methane reforming of natural gas (NG),  

• hydrolysis of water with renewable and conventional electricity 

(photovoltaic, wind, hydraulic).  

According to many studies, converting primary energy to electricity is more 

economical and convenient environmentally. Besides, although it requires extra 

efficiency, it is more convenient to transfer electricity to the desired places. Production 

of hydrogen can be realized by using biomass and coal as well as using electricity 7. 

Hydrogen is an alternative renewable and sustainable transportation fuel 

according to its light-weight and high energy density, and it can be stored in the form of 

gas, liquid, and via adsorption or absorption to the solids. Physical-and material-based 

storage of hydrogen is illustrated in Figure 1.4 8.  However, it is challenged to store such 

a high dense for stationary and portable applications. The simple way to store hydrogen 

is as compressed gas because storing hydrogen at ambient temperature is possible, input 

and output for hydrogen gas are simple. The hydrogen gas filling system is shown in 

Figure 1.5 9. Because, while the storage of compressed hydrogen gas requires a high-

pressure tank, which can stand to 350-700 bar, the storage of liquid hydrogen requires a 

cryogenic temperature. 

Most especially, the scientists are making researches about compressed gasses to 

replace fossil fuels both increase vehicle performance and to prevent environmental 

pollution. Apart from meeting performance, cost requirements for hydrogen storage and 

delivery system are also essential 10. Composite pressure vessels require permanent 

mandrels with a closed-end structure. According to the mandrel types, hydrogen gas can 

be stored in four types of pressure vessels as shown in Figure 1.4;  

• Type I (metallic pressure vessels),  
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• Type II (hoop wrapped metal with fiber composite vessels),  

• Type III (filament wound metallic liner wrapped with fiber embedded in 

a resin, also called composite material-based pressure vessels (COP)). 

• Type IV ( filament wound a plastic liner wrapped with fiber embedded in 

a resin) 11. 

Type I pressure vessels have been widely used for a long while. However, in terms 

of cost and resistance to higher pressures, type I pressure vessels are challenged by 

composite pressure vessels 6. For the automotive industry, light-weight is essential to 

improve the performance of the vehicle. Accordingly, engineers have recently focused on 

composite materials 12.   

For transportation, fuels must be chemically stable, non-toxic, and safe. Hydrogen 

is a good choice due to considering as green energy. However, because hydrogen is lighter 

than the air, during the leak, hydrogen rises and expands in the air so quickly, leakage and 

spillage should be minimized during a possible accident. Also, since hydrogen is an 

odorless and colorless gas, filling stations must have sensors that can detect below 2-4% 

of hydrogen output 5. Fuel systems of hydrogen vehicles must be carefully designed, and 

the fuel tank must be safe. 

 

 
 

Figure 1.4 Hydrogen storage scheme (Source: Energy.gov)  
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Figure 1.5 Hydrogen gas filling system (Source: Laurent, 2020) 

 

Vehicles powered by electricity and hydrogen generate near-zero pipeline 

emissions without the need for emission reduction equipment that results in any cost or 

weight increase 5.  Because the automotive industry light-weight is essential to improve 

the performance of the vehicle, engineers widely use composite materials for this purpose 

(Figure 1.6). Since 2000, the usage of hydrogen gas as a fuel has been increasing 

especially for transportation. Therefore, storing hydrogen gas in a light-weight tank is an 

important point for transportation 2,13. 

 

 
 

Figure 1.6 Hydrogen gas storage vessels for hydrogen-powered vehicles (Source: 

Dorneanu, 2007) 

 

 

https://news.softpedia.com/editors/browse/lucian-dorneanu
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1.2. Objectives 

 

 

The main objective of this thesis is to characterize and improve the performance 

of the materials that are used for the manufacturing filament wound hydrogen storage 

composite vessels by microstructural modification. This study has one focus on the 

incorporation of the nano-sized fillers within the matrix, then adapts the nano-sized filled 

matrix to cylindrical composite structures produced with filament winding. The particular 

objectives are as follows; 

• Dispersion of several nano-sized fillers within the epoxy matrix to produce 

nanocomposites. 

• Characterize the structure and performance of the nanocomposites by 

several mechanical microstructural investigations and mechanical 

testings. 

• Reveal the effect of the nano-sized fillers on the viscosity of the filled resin 

suspensions, which is used in the filament winding process. 

• Determine an appropriate nano-sized filler type and its concentrations 

blended within the epoxy to be utilized for the manufacturing of filament 

wound hydrogen storage tanks or cylindrical structures. 

• Adaptation of the nano-sized filled epoxy resin for filament wound (FW) 

cylindrical fiber-reinforced composite (CFRPC) production. 

• Determine the mechanical and thermomechanical properties of the 

reference and nano-sized filler reinforced CFRPCs. 

• Demonstrate the effect of the nano-sized filler existence on the 

interlaminar toughness of CFRPCs and analyze the toughening 

mechanisms and micro-and nano-sized filler morphology. 

• Investigation and discussion of the nano-sized filler incorporation on the 

mechanical performance of CFRPCs. 
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1.3. Contributions 

 

 

This thesis is based on the idea of increasing the performance of materials used in 

the production of filament-wound composite-based pressure vessels or cylindrical 

structures by incorporating nano-sized fillers within the epoxy matrix. Referring to this 

idea, the goal is taken to characterize and improve the performance of the filament-wound 

cylindrical glass fiber (GF)-based composites by the technique that toughening the epoxy 

matrix with SWCNT. Based on our knowledge, there are only a few studies reported in 

the literature on the investigation of the effect of the toughened epoxy matrix on the 

performance of CFRPCs. Although CNT-reinforced FRPCs have been extensively 

examined in the literature, the effect of CNT reinforcement on the mechanical-especially 

the Mode I interlaminar fracture toughness of CFRPCs has not been reported yet. This 

dissertation reveals the performance improvement of CFRPCs with CNT incorporation. 

And the Mode I interlaminar fracture toughness was remarkably improved, as its original 

contribution to the literature. Although CNTs have extraordinary mechanical 

performances, they are expensive. Therefore, CNTs at low concentrations without 

compromising their outstanding properties were used as the toughening filler in the 

present study, which is also an original contribution to the literature. The main highlights 

here are; 

• Usage of the toughened epoxy matrix to enhance the delamination 

propagation behavior resulting from impact, etc., 

• Utilizing the toughened epoxy matrix at the outer layer of the composite 

cylindrical structures during the filament winding process. 

For this reason, to investigate the effect of the contribution of SWCNT within the 

epoxy was examined by measuring the interlaminar fracture toughness for the GF-based 

CFRPCs under Mode I loading. 

Since providing a satisfying performance of CFRPCs extremely depends on the 

interlaminar properties, the problem statement of this thesis is to obtain better interfacial 

interactions between all constituents of the produced composites. It is well known that 

the performance of CFRPCs is extremely related to the interlaminar properties. For the 

selection of the nano-sized fillers, the target was to select chemically compatible nano-

sized fillers with the used epoxy matrix. In the study, epoxy-based nanocomposites were 
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characterized as a first stage, then a toughened epoxy matrix was adapted for the 

production of GF-based CFRPCs. Consequently, the performance of produced CFRPCs 

with selected nano-sized fillers (SWCNT) was evaluated.  

 

 

1.4. Thesis Outline 

 

 

Chapter 1 describes the background information about hydrogen, which is an 

alternative renewable energy source. Consequently, first hydrogen production, storage, 

transportation, and distribution are defined briefly. Then, the main objectives and the 

contributions of this thesis to the literature are discussed. 

Chapter 2 starts with a definition, classification, and a brief overview of the 

composite materials. The importance of nanotechnology for the inclusion in the 

production of the composite materials is also mentioned and more details are given about 

micro-and nano-sized fillers for the contribution to the polymeric matrices. “Why to 

choose the nano-sized fillers?” was clarified based on the compression between nano-and 

micro-sized fillers. Additionally, the widely used carbonaceous and silica-based 

nanoparticles were expressed concisely. For the production of CFRPCs, the commonly 

used filament winding technique is also addressed. The importance of the nano-sized 

filler type, their chemical form, and their distribution within the thermoset resins to the 

nanocomposites and multi-functional fiber-reinforced polymeric composites were also 

mentioned here. Chemical router and physical methods for the preparation of nano-sized 

filler reinforced resin is also detailed. Since, while the laminated FRPCs have high 

strength in the in-plane direction, the strength is low through the thickness, several 

techniques to increase the strength throughout the thickness were mentioned. Among 

these techniques toughening the matrix material with micro/nano-sized fillers (alumina, 

silica, carbon black, graphene, carbon nanotubes) was detailed due to the scope of the 

thesis. Delamination and the toughening mechanisms were discussed circumstantially. 

Chapter 3 presents the framework of this thesis. Referring to the literature review, 

the flowchart of this study was formed. 

Chapter 4 describes the experimental method and instrumentation of the study. 

This chapter firstly describes the raw materials that are used for the production of nano-
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sized filler incorporated NCs and CFRPCs. The morphology of the nano-sized fillers was 

determined by scanning electron microscopy (SEM). The description of the produced 

composites was also presented. Secondly, this chapter deals with experimental procedures 

and equipment. The relevant ASTM standard for the experimental procedures was also 

represented. 

Chapter 5 introduces the experimental results for the produced NCs and CFRPCs. 

Herein, the effect of the nano-sized fillers on the mechanical performance of the epoxy 

matrix and CFRPCs is reported. The fractured surface of the composites was examined 

under SEM to comprehend the toughening mechanism in the NC and CFRPC systems. 

Dynamic mechanical analysis (DMA) was also conducted to determine the effect of 

SWCNT on the glass transition temperature (𝑇  of CFRPCs. All the experimental results 

are discussed according to the results obtained from the literature.  

Concluding remarks and future studies are described in Chapter 6. Also, a vita of 

the author is given at the end of the thesis.
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CHAPTER 2  
 

 

LITERATURE REVIEW AND FUNDAMENTAL CONCEPTS 

 

 

2.1. Nanocomposites and Cylindrical Composite Structures 

 

 

Composite materials consist of two or more physically distinct and mechanically 

separable parts, which are reinforcement (discontinuous phase) and matrix (continuous 

phase). These constituents can be combined in a controlled way to achieve optimum 

properties. Many materials in nature are composites, which exist in both animals and 

plants. For example, wood is made up of fibrous chains of cellulose molecules in a matrix 

of lignin while bone and teeth are both mostly composed of the hard inorganic crystal in 

a matrix of collagen 14. 

The composite materials can be classified into three different categories, 

depending on the matrix materials;  

• Ceramic Matrix Composites (CMCs),  

• Metal Matrix Composites (MMCs), and  

• Polymer Matrix Composites (PMCs). 

In composite materials, polymer matrices are widely used in the industry due to 

their low cost, light-weight (alternative to metals), being less dense than metals and 

ceramics, and having high corrosion resistance. Further, polymers can be processed and 

manufactured with lower energy input than metals or ceramics. The matrix phase of 

PMCs can be classified as elastomers, thermoplastics, and thermosets. According to their 

structure of network polymer with a high cross-link density, thermosets are harder and 

stronger than elastomers and thermoplastics. Thermosets also have better dimensional 

stability, and higher mechanical properties than thermoplastics according to their 

chemical composition. The most used thermosets are; polyester, vinyl ester, and epoxy. 

While polyester and epoxy are almost linear in the elastic range, among them epoxy has 

the highest strength, as shown in Figure 2.1 15. Epoxy resins are the most preferred 

thermoset polymers used as coating and adhesives. Epoxy resins have advantages like 
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high stiffness and strength, creep resistance, chemical resistance, good adhesion 

properties, and minimal shrinkage during curing. Among the epoxy resins, the most 

widely used one is the diglycidyl ether of bisphenol-A (DGEBA) 16. The chemical 

structure of DGEBA is illustrated in Figure 2.2.  

 

 
 

Figure 2.1 Stress-strain curves of epoxy and polyester (Source: Yu et al., 2017) 

 

 
 

Figure 2.2 Chemical structure of the diglycidyl ether of bisphenol-A (DGEBA) 

 

However, thermoset resins have a brittle structure and poor resistance to crack 

initiation and propagation, which cause a major problem for the engineering performance 

of the final structure. The incorporation of rigid micro-or nano-scale particles within the 

resin improves the fracture toughness of polymers 17. In the last decades, fiber and/or 

micro-and nano-scale particle reinforced PMCs have been widely studied, according to 

their very high strength-to-weight and stiffness-to-weight ratios. These reinforcements 

provide design flexibility, high durability, and light-weight to polymer-based composites. 

Also, the resultant material can be adapted to many technological and industrial 

applications 18,19.  

Mostly used conventional fiber types are carbon fiber (CF), glass fiber (GF), and 

aramid fibers. While CF has better mechanical properties, it is expensive, and it has a 

difficult adhesion with a polymer matrix. Among the micro-fiber reinforcements, GFs are 



28 

widely used for the manufacturing of FRPCs, due to their cheap price 15. GF/epoxy 

composites were widely used in many applications such as piping systems and pressure 

vessels, according to their light-weight, high strength and stiffness, long fatigue life, low 

thermal expansion, corrosion resistance, chemical resistance, and structural flexibility 
15,20,21. GF-based FRPC presents a smooth internal interior, which ensures lower liquid 

loss than a typical piping system in an economical way 22. Requirements for GF-based 

FRPC for piping and pressure vessel applications are to withstand the internal pressure as 

well as the combined loading 23–25. When the internal pressure is applied to the cylindrical 

composites, it creates a hoop-to-axial-stress ratio of 2:1. According to the prediction of 

“netting analysis”, which is an analytic method that assumes only the fibers carry the 

load, an optimum winding angle can be estimated as 54.70 for composite laminates 
14,15,26,27. As reported by Sulaiman et al., the optimum filament winding angle calculation 

for Tsai-Wu and Tasi-Hill was correlated with experimental results and “netting 

analysis”. As shown in Figure 2.3, the maximum burst pressure was approved as a 550 

filament winding angle, which is correlated with the “netting analysis” 26. 

 

 
 

Figure 2.3 Burst pressure values at varying filament winding angles (Source: 

Sulaiman, 2013) 

 

As described above, the composite materials are light as well as durable, and they 

provide design flexibility. However, the resistance of the polymers against impacts is 

generally low, which can be improved by the micro-and nano-sized filler addition. 

Although the resultant product is more efficient, the reinforcement materials are often 

expensive. But the cost can be lowered by using the minimum concentration of 

reinforcement with maximum resultant efficiency. 
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2.1.1. NC Materials 

 

 

Nanotechnology is regarded as one of the most promising areas for technological 

development in the 21st century. In material research, the development of nanocomposite 

materials rapidly increasing these days.  NCs are a class of materials whose one of the 

constitutes has dimensions on the nanoscale (<100nm). Even the addition of nano-sized 

materials between 0.5 and 5 percent by weight (wt.%), improve the properties like 

mechanical strength, toughness, and electrical or thermal conductivity. 

For a maximum and optimal performance of the NCs, (1) type and concentration 

of nanofillers, (2) polymer matrix material, (3) fabrication of the NCs should be taken 

into account 28. The polymeric matrices are usually filled with micro-scale fillers such as 

silica, alumina, etc. for obtaining outstanding mechanical strength 29,30. However, by the 

reason of their low density, high specific surface area, and high mechanical properties, 

nano-scale fillers draw the most attention to produce NCs in recent studies. Figure 2.4 

shows the three-dimensional (3D) distribution of micro-and nano-scale fillers in a 

polymeric matrix.  According to the differences in dimension and geometry of micro-and 

nano-sized fillers, the number of fillers for a given filler volume fraction varies and it is 

higher for nano-sized fillers 30. Spherical nanoparticles could form a hexagonal dense 

packed structure within the polymeric matrix. However, the maximum packing density is 

the face-centered cubic configuration with 74 vol. %. For the fiber-or rod-like 

nanostructures, the dense packing occurs when the tubes are arranged in periodic and 

aligned order 31. 

 

 
 

Figure 2.4 Distribution of micro-sized fillers (A: Al3O3 and B: Carbon fiber) and 

nano-sized filler (C: CNT) at 0.1 vol.% in a reference volume 1mm3 (Source: Ma et 

al., 2010) 
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The investigation of the question of “why to use nanomaterials?” has attracted 

great attention among researchers. One of the main reasons for this is the high surface 

interaction between the nano-sized filler and the polymer. According to the large number 

of particles and size effect of nano-scale fillers, their distribution in a polymer matrix is 

larger than for micro-scale fillers. The bulk density and the surface area of commonly 

used fillers are listed in Table 2.1. 

The surface-to-volume ratio with different aspect ratios (length/diameter) as a 

function of the diameter of widely used micro-and nano-sized fillers -a variety CNTs, 

fumed silica (FS), carbon black (CB), and conventional fibers- are shown in Figure 2.5. 

The surface/volume ratio decreases with an increasing diameter, which increases the 

distributed amount of the filler within the polymeric matrix. The physical form of the 

nano-sized fillers (e.g., tubes, particles, plates) is directly linked to the specific area of 

interaction. Consequently, the shape of the nano-sized filler highly affects the desired 

property of polymer-based composites31,32. 

 

Table 2.1 The dimension, density, and the surface area of commonly used micro-and 

nano-sized fillers 

 

Filler Average dimensions of 

filler 

Density 

(g/cm3) 

The surface area of 

individual particles 

(S) 

silica 20 nm in diameter 2.65 S=πd2 

halloysite 1-15 µm in length (l), 10-

150 nm in diameter (d) 

1.8-2.6 S= S=πdl+πd2/2 

clay <0.002 mm in diameter 2.837 S=πd2 

carbon fibers 5 µm in length (l), 8 µm 

in diameter (d) 

1.77 S=πdl+πd2/2 

glass fibers 5 µm in length (l), 11µm 

in diameter (d) 

2.58 S=πdl+πd2/2 

GNP 45 µm in length (l), 7.5 

nm in thickness (t) 

2.2 S=4l2+2lt 

CNT 12 nm in diameter (d), 20 

µm in length (l) 

1.8 S=πdl+πd2/2 
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Figure 2.5 The ratio of particle surface and volume for spherical and fibrous particles 

as a function of the particle diameter (Source: Fiedler et al., 2006) 

 

Polymeric NCs are widely used in many applications due to their superior 

properties like strength, toughness, durability, electrical properties, etc. Many nano-scale 

particles are used as reinforcement for NCs 33. Figure 2.6 shows the fracture toughness of 

NCs based on widely used fillers as a function of filler content 34. Among the nano-sized 

fillers, CNTs showed a good effect on the fracture toughness at low contributions 0.1-2.0 

wt.%. Also, 𝐼  showed a better improvement for graphene-based epoxy NCs at lower 

filler content varying from 0.01 to 1.0 wt. % 34,35. 

For a maximum and optimal performance of the NCs, achieving a good dispersion 

and homogeneous distribution of the nano-sized fillers within the polymer matrix 

constructing interconnected networks between matrix and filler is essential. Once the 

homogeneous distribution of the nano-sized fillers is achieved for NCs, the performance 

of the NCs increases automatically according to the effective load transfer. Also, the high 

aspect ratio, alignment of the nano-sized particles, and the stress transfer affect the 

performance of the NCs. The other critical factor is the interfacial interaction between the 

nano-sized filler and polymer matrix for the improvement of mechanical and electrical 

properties of the polymer matrix material. 

On behalf of improving the bonding and adhesion, surface modifications via 

covalent and non-covalent functionalization are implemented to the micro-and nano-sized 

fillers. The covalent functionalization forms a strong C-C bond between the filler and the 

modified material, while the non-covalent functionalization forms intermolecular forces. 
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Figure 2.6 Normalized fracture toughness as a function of nano-sized filler content 

for different nano-scale particle reinforced epoxy NCs (Source: Chandrasekaran et al., 

2014) 

 

Both functionalization increase the mechanical properties of NCs, meanwhile, the non-

covalent bonding can damage the morphology of the filler due to the harsh treatment 28,29.  

Surface modifications of the fillers are usually assisted by the mechanical dispersion 

techniques of fillers within the polymer matrix. There are many mechanical methods for 

the dispersion of nano-sized fillers within the polymer matrix (thermoplastic, elastomeric, 

thermosetting). However, herein generally processing methods for thermosets will be 

mentioned. Widely used production techniques for nano-sized filler reinforced epoxy 

NCs are; ultra-sonication, spin casting, shearing, and milling 28–30. 

 

 

2.1.1.1. Carbonaceous Filler Reinforced NC Materials 

 

 

Carbonaceous nanofillers like carbon black (CB), carbon nanotubes (CNTs), and 

graphene nanoplates (GNPs), are widely used as reinforcements for improving the 

mechanical, and electrical properties of polymeric matrices.  

 

Carbon black (CB) 
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CB is an amorphous form of carbon with a high conductive zero-dimensional (0D) 

metal powder. CB can be manufactured in five types with different manufacturing 

processes; (1) furnace black, (2) thermal black, (3) lampblack, (4) channel black, and (5) 

acetylene black. Among them, thermal black and furnace black are widely used as 

additives for plastic applications 36. CB is a cheap carbon-based nano-sized filler that in 

particular is used for the production of conductive polymeric composites, due to their 

abundant availability, low density, high electrical conductivity, and chemical stability 
28,37–40. CB also improves the mechanical, electrical, optical, chemical, and surface 

properties of polymers. According to their good conductive properties and increasing 

mechanical properties of polymers, CB is commonly used in engineering applications, 

for instance automotive, electronics, packaging, aerospace, biomedical, sports goods, etc. 
41,42. A CB particle size range is generally 5-100 nm. However, CB particles tend to 

agglomerate due to the strong Van der Waals force and the size of CB agglomerates can 

be reached between 70-500 nm from 5-100 nm 43. The clusters of the agglomerated CB 

particles result in defects within the polymer NCs, which leads to a decrease in the 

mechanical properties of polymer composites. For the improvement of the mechanical 

and electrical properties of polymer composites, improving the dispersion of CB particles 

within the polymer is essential. This can be achieved by chemical or physical 

modification of CB particles 28,41. As wells as the chemical or physical modification of 

CB particles, the dispersion quality of CB particles within the polymer is also important 

for enhancing the performance of polymers.  

 

Carbon nanotubes (CNT) 

CNTs are an important type of carbonaceous material. Since they were discovered 

in 1991 44, the usage of CNTs has been increasing in most areas of science and 

engineering. However, they were already used in the 6th century for coating 45–47. Due to 

their unusual mechanical, thermal, and electrical properties, stability, and functionality 

make them ideal candidates for advanced filler materials in composites 48,49. Especially, 

for the enhancement of mechanical improvement of plastics, using CNTs as reinforcing 

filler has dramatically increased in recent years. Depending on the process for CNTs, 

there are two types of them; (1) Single-walled carbon nanotube (SWCNT), and (2) Multi-

walled carbon nanotubes (MWCNT). These CNTs have extraordinary high stiffness in 

tensile load, high strength, and low density 50. SWCNT has the largest specific surface 

area (SSA) (̴ 1300 m2/g) then MWCNT (̴ 600 m2/g). SWCNT improves fracture toughness 
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as well as other mechanical properties of epoxy resins even at minimum concentrations, 

considering the large surface area and high mechanical properties of SWCNTs 31,51. 

SWCNT has been shown to hinder the accumulation of stress in composites and increase 

the stress transfer mechanism through interaction with the epoxy resin 52. Nevertheless, 

CNTs are able to agglomerate due to the Van der Wall force attraction. In addition to 

attractive forces, frictional contacts and elastic interlocking mechanisms are also 

responsible for flocculation 53. These agglomerations exist between the tubes as a result 

of their significant surface areas and high aspect ratios. The larger the CNTs, the stronger 

the interacts and entanglements between the CNTs. However, in some cases, longer CNTs 

could lead to good mechanical properties to composites, even if the distribution is not 

good 54. 

 

Graphene nanoparticle (GNP) 

A single layer of graphene is considered the thinnest material in the world 55,56. 

Due to the two-dimensional (2D) structure of graphene sheets, they have a relatively high 

specific surface area, outstanding mechanical and electrical properties, and low 

manufacturing cost 57. The usage of graphene sheets as reinforcement within a polymer 

matrix improves the electrical and thermal properties, as well as mechanical properties of 

the matrix material by the reason of the superior features of graphene 56,58–60. Graphite 

comprises many layers of graphene sheets that stand with the Van der Waals attraction. 

The attraction between the sheets makes graphene unstable and tends to stick together, 

which brings about dispersion and exfoliation of graphene sheets within the polymer 

matrix more challenging. Because the clusters of graphene sheets -called agglomeration- 

causes a slip between the sheets when a load is applied to the nanocomposite and lowers 

the efficiency of graphene sheets 61. For the enhancement of mechanical properties of the 

matrix; the compatibility of the filler and the matrix, and the alignment of the graphene 

sheets within the polymer matrix are essential issues. Surface modification of graphene 

can lead to a good adhesion/interaction between the matrix and filler, resulting in an 

enhanced mechanical property of the matrix. The functionalization of graphene via 

chemical or physical approaches has been tried to be used to obtain a  uniform dispersion 

of the graphene within the polymeric matrix 14,55. For individual separation of carbon 

sheets by peeling off, the graphite has been studied since the beginning of the twentieth-

century 62. In literature, there are several techniques for the production of graphene sheets 

such as; (1) mechanical exfoliation 63, (2) chemical vapor deposition (CVD) and epitaxial 
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growth on silicon carbide and ruthenium 64,65, (3) solvothermal synthesis 66, (4) thermal 

exfoliation and reduction of graphene oxide (GO) 67 and, (5) liquid-phase exfoliation of 

graphite by sonication 68. The conventional approaches are chemical and thermal 

exfoliations that have been widely used to produce the single-layered graphene 

nanosheets 69. Thermally exfoliated/expanded graphene (TEGO) is synthesized by 

graphite oxidation and thermal expansion of the GO. In most studies, TEGO is used for 

improving the thermal, electrical, and mechanical properties of polymers due to 

containing hydrophilic groups which facilitate their dispersion in polymeric matrices 57,70–

75. 

 

 

2.1.1.2. Silica-based Filler Reinforced Nanocomposite Materials 

 

 

Among the spherical particles fumed silica are well-known fillers, and they are 

used to control the rheological properties of the matrix and increase the toughness, 

thermal property, and wear resistance of the polymers 76. According to their high 

mechanical properties and significantly small size, silica has been used in many studies 

as a reinforcement 77.  

Halloysite nanotubes (HNTs), which are first described by Berthier (1826), are 

clay minerals, and they resemble the structure of MWCNT. The structure of the HNTs is 

formed of a 1:1 aluminosilicate layer rolled into a tubular structure and shown in Figure 

2.7. They have remarkable advantages such as; (1) re-dispersible in aqueous, (2) non-

toxic and durable in high strength shearing, and (3) cheaper than nano-sized carbonaceous 

fillers 78–80. As carbonaceous nano-sized fillers HNTs have also some challenges like; (1) 

they tend to agglomeration into clusters, and (2) due to having low polar functional groups 

on the surface of the HNTs, weak interfacial interaction occurs between the particle and 

matrix materials. These issues should be overcome to increase the mechanical properties 

of epoxy with the incorporation of HNTs 78.  
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Figure 2.7 Schematic structure of HNTs from single tubular appearance to crystalline 

structure (Source: Zeng et al., 2014)  

 

 

2.1.2. Cylindrical Composite Material 

 

 

The industry would rather the low-cost process and light-weight products. 

Composite materials provide the desired light-weight. Especially, FW composite 

materials, which are generally cylindrical with different cross-sectional shapes, are 

traditionally used in high-pressure areas, chemical storage, space, nuclear, defense 

sectors, gas and/or oil tanks, and transfers 81. These applications demand a high stiffness  

and strength due to high-pressure exposure and these demands are generally met by 

composite materials. The failure of composite materials does not fail as metals do. 

Cylindrical composites have many advantages like less lifetime, weight (with nearly the 

same thickness), and cost. Aramid fiber reinforced cylindrical composites are generally 

used for rocket motors. Glass and carbon fiber reinforced cylindrical composites are also 

the other types of composites that have been widely used in long-term pressure vessel 

applications 82. GF-based CFRPCs have been widely used for pressure vessel applications 

according to their high strength, stiffness, and good fatigue resistance. 

 

 

2.1.2.1. Manufacturing of CFRPCs 

 

 

There are numerous methods to manufacture the FRPCs according to the matrix 

types; thermoplastic or thermoset. The production methods for thermoset matrix 
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(polyester, vinyl ester, and epoxy) based FRPCs are given in Figure 2.8 according to the 

fiber type. 

Among the production methods, the filament winding method is a widely used 

method for manufacturing high strength continuous fiber-reinforced thermoset 

composites like uni-and multi-directional lamina, pipes, tanks, etc. 

Among the fabrication methods of composite production with a continuous fiber, 

filament winding ensures the final product with; 

• An excellent weight-to-strength ratio,  

• A good resin distribution,  

• A high fiber content, which provides high strength, and 

• A desired fiber orientation/winding angle. 

However, it has disadvantages like other production techniques;  

• Limited production shapes, and 

• Expensive mandrel 83. 

While the filament winding process is a cost-effective method, it is a complex and 

incomprehensible process. Besides, it has manufacturing problems (delamination, layer 

waviness, local fiber buckling, cracks, voids, etc.) that influence the mechanical 

properties of the resultant product. The quality of resultant composites is influenced by 
84; 

• Fiber tension and bundles during the manufacturing process,  

• Wettability of the fibers by the predetermined resin at optimum viscosity. 

 

 
 

Figure 2.8 Classification of production methods for FRPCs according to the fiber type 
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2.1.2.2. Definition of the Filament Winding Technique 

 

 

Filament winding is an automated fabrication method used in the production of 

cylindrical structures by winding the predetermined resin impregnated continuous fiber 

onto a mandrel. The filament winding process provides great convenience to 

manufacturing complex geometries due to having three or more axis of motion. The 

filament winding method is widely used in the production of different shapes and volumes 

such as; rocket motor, pressure vessels, power transmission shafts, piping and tubing 

systems, some non-axisymmetric components, etc. The schematic illustration of the 

filament winding process is briefly shown in Figure 2.9 (a). During the filament winding 

processes continuous fiber is firstly impregnated in a resin bath and then wound under 

tension around a mandrel/liner with a defined geometric pattern controlled by a software 

system 82,85. Impregnation of resin can be carried out by the most three methods; roller, 

cascade, and dip impregnation. Roller impregnation is preferred because winding can be 

performed with minimum fiber damage and a minimum amount of excess resin (Figure 

2.9 (b)). Before the fiber is impregnated within the resin, the fiber is fed to the resin bath 

by a comb device. Tension devices (spools) are also used to directly control the fiber 

alignment, resin pick-up, and the fiber tension that affect the properties of the composite. 

Resin impregnated fiber is eliminated from the excess resin by a wiping device placed 

right after the resin bath. As the last step of the winding process, continuous fibers are 

accurately positioned on the mandrel by the pay-out eye (Figure 2.9 (c)). Part geometry, 

winding angle, winding speed, and several layers have been controlled by software to 

command winding machine 86. After the end of the winding process, the FW product is 

cured at the desired temperatures in an oven. The mandrel used during the winding 

process may or may not be an integral part of the assembling composites. The FW 

composite part can be removed from the mandrel after the curing process 87,88.  

The filament winding process provides fiber orientations for three basic winding 

patterns, which are helical, hoop, and polar, and shown in Figure 2.10. While the winding 

angle is 900 for hoop winding, for the helical winding it is usually higher than 450. Polar 

winding is applicable for manufacturing the pressure vessels, in which fiber is wound on 

the mandrel from polar to polar tangentially 90. 
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(a) 
 

   
 

(b) 
 

(c) 
 

Figure 2.9 Schematic illustration of (a) The filament winding process (Source: 

Quanjin et al., 2017)89, (b) Roller impregnation method, and (c) Pay-out eye (Source: 

Kelly et al., 2000)  

.   

 
(a) 

 
(b) 

 

 
 

(c) 
 

Figure 2.10 Schematic illustration of the filament winding process rotating mandrel in 

three different patterns; (a) Helical, (b) Hoop, and (c) Polar (Source: Kelly et al., 

2000) 
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Because pressure vessel requires a closed-end structure, a mandrel is used to 

reduce the openings on the structure ends. Thus, composite pressure vessels are usually 

produced by the winding of the fiber directly on a mandrel (a thin metallic (Type III) or 

thermoplastic liner (Type IV)). FW composite pressure vessels are being used for storing 

either gas or liquids in both aerospace and commercial applications 85. According to the 

applications of the composite pressure vessels, they can be exposed to impact loads. 

FRPCs are not durable to the transverse impact loading and under load pressure vessels 

can be exposed to fiber fracture, delamination, shear failure, and matrix crack 91. Damage 

in FW tanks starts firstly at epoxy and follows by the formation of leakage path, 

delamination, and finally fiber breakage 12,92. In decades inorganic fillers are often used 

to increase the stiffness of the polymer matrix materials. Nevertheless, the usage of high 

concentrations of commercial fillers is not appropriate for the process of the filament 

winding, due to the increment of the viscosity to the high levels 93. Thereby, impregnation 

of nano-sized fillers at low concentrations can enhance the interlaminar shear strength, 

interlaminar fracture toughness, and load transferability of FW fiber-reinforced storage 

vessels by the pull-out, rupture, and crack bridging mechanisms 31,51. 

 

 

2.2. Mechanical Properties of NCs and Multi-functional FRPCs 

 

 

The mechanical performance of the NCs and multi-functional FRPCs highly 

depend on the production process, and interfacial interaction between the materials (fiber, 

matrix, and nano-sized filler). Especially for the utilization of a nano-sized filler 

reinforced matrix for the production of FRPCs, dispersion quality of the filler within the 

matrix is an important matter. The performance of the final composite is affected by the 

dispersion process and time, nano-sized filler type, the ratio of nano-sized filler to the 

matrix, etc. 94. The physical methods and interfacial modifications with a chemical router 

are important steps for enhancing the homogeneous dispersion of nano-sized fillers within 

the resin 29,94. 

Based on the literature review, the mechanical properties of nano-sized filler 

reinforced epoxy NCs are summarized in Appendix A. Herein the mechanical properties 

of NCs were classified according to the production process, matrix type, and nano-size 
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filler type. As summarized in Appendix A, the tensile strength, flexural strength, and 

fracture toughness of epoxy can be improved with the incorporation of nano-sized fillers 

within epoxy. 

 

 

2.2.1. Interface and Nano-sized Filler Type Approach 

 

 

The high surface area increases the interacting surface between the filler and the 

matrix while causing the fillers to agglomerate among themselves. As mentioned earlier, 

spherical shaped fillers have a lower surface area. For example, CB has a low surface area 

when compared to GNPs and CNTs. However, according to the literature these properties 

can be range according to their type. A study that compares the effect of incorporation of 

GNPs (~8 layers of graphene) and CB within the epoxy matrix to the mechanical 

properties of epoxy showed that; while the tensile strength decreased with the 

incorporation of GNPs, it improved with the incorporation of CB. Also, the ductility 

behavior is enhanced with the incorporation of CB within the epoxy. The fact is that the 

surface area is greater for used CB (1250 m2/g)  than used GNPs (350 m2/g) because a 

high surface area provides more contact area with the matrix 95. Also, particle size, 

concentration, and interface with the polymer highly affect the mechanical properties of 

polymers. Carbas et al. demonstrated that tensile properties did not significantly improve 

with the incorporation of smaller size CB. However, CB with larger size enhanced the 

mechanical properties of epoxy at low content of particle, due to the large interface 

interaction between filler and matrix 96. Chatterjee et al. studied the size and synergetic 

effects of nano-sized fillers in the mechanical properties of epoxy. They used two 

different nano-sized fillers; GNPs with 5µm and 25µm in flake size and MWCNT. 

According to the results, GNPs in larger flake sizes showed a better mechanical 

performance when incorporated within the epoxy. Also, a combination of MWCNT with 

GNPs improved the fracture toughness according to the high aspect ratio of CNTs and 

the large surface area of GNPs 97. 

Nano-sized stiff fillers (nano-silica, halloysite, CNTs, CB, GNPs, etc.) improve 

the performance of polymers based on the high aspect ratio, alignment, load transfer, and 

stress transfer 34,98. These performances can be enhanced by a homogeneous dispersion 
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of nano-sized fillers within the matrix. The dispersion quality of the nano-sized fillers 

depends on a decrease interaction between the fillers and increase interaction between 

filler and matrix by a chemical router. Many studies in the literature have been focused 

on the functionalization of GNPs and CNTs according to manufactured NCs applications 
37,56,105,61,94,99–104. 

Surface modified graphene sheets -especially, GO and its derivatives- are widely 

studied in literature to improve the performance of epoxy-based matrices 56,99–101,106,107. 

Qiu et al. concluded during the crack propagation GO incorporated epoxy NCs showed a 

larger amount of plastic deformation than graphene incorporated epoxy. So, the fracture 

toughness was improved by retarding the crack propagations by GO 99. 

Interfacial modifications of CNT can be achieved with a chemical router. The 

chemical router improves the bonding and adhesion by a covalent and non-covalent 

functionalization, which are illustrated for CNT in Figure 2.11. The covalent 

functionalization of CNTs is the covalent bonding of functional groups (usually 

carboxylic or hydroxyl groups) on to the CNT walls 54,108. However, covalent 

functionalization damages CNTs, which leads to a reduction in the mechanical properties 

of CNTs 54,109. Non-covalent functionalization, which consists of surfactant assembling 

on the CNT walls, does not deteriorate the sp2 bonding of CNTs and blocks the re-

agglomeration of the CNTs within the matrix. Three different surfactants as cationic, 

anionic, and non-ionic surfactants, are used for the non-covalent functionalization 104,110–113. 

Geng et al. while silane and non-ionic surfactant treated MWCNT incorporation showed 

larger improvement on flexural properties of epoxy than pristine MWCNT, pristine and 

non-ionic surfactant treated  MWCNT incorporation increased the impact fracture 

toughness of epoxy by almost the same rate 112. Gallego et al. compared the 

functionalization of the MWCNT effect on the tensile strength of nanocomposites. 

According to the acid treatment of MWCNT, the wettability and interfacial adhesion 

between oxidized MWCNT (o-MWCNT) and epoxy were improved with the presence of 

functional groups. A good adhesion provided a better performance of o-MWCNT/epoxy 

than MWCNT/epoxy 102. 
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(a) 
 

 
 

(b) 
 

Figure 2.11 (a) Covalent (Source: Ribeiro et al., 2017) and (b) Non-covalent 

functionalization (Source: Islam et al., 2003) of CNT 

 

For the size and modification effects of nano-sized filler impact on the mechanical 

properties, Chandrasekaran et al. examined the fracture toughness of the epoxy with the 

addition of three different types of carbonaceous fillers; GNPs, TRGO, and MWCNT. 

The effect of TRGO on fracture toughness is greater, while the effect of MWCNT was 

lower at the same concentrations. This is due to the good dispersion of layers depending 

on having functional groups on the graphene 34. 

For achieving a better dispersion of clay-based nano-sized fillers-HNT-into the 

epoxy resin by providing extra sites for interactions with epoxy, surface modification of 

HNTs has been carried out in lots of studies. To eliminate the aggregation of HNTs in 

epoxy resins, chemical treatment of HNTs has been utilized. A comparison study of Sun 

et al. showed that the silane-modified HNTs exhibited improved dispersion within the 
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epoxy and improved interfacial interaction with the epoxy matrix when compared with 

pristine HNTs. Thus, tensile strength and toughness of epoxy were improved with the 

incorporation of treated HNTs 114. Phenylphosphonic acid (PPA) and potassium acetate 

(PA) are widely used agents that could reduce the cluster size of HNT with the help of 

ball mill homogenization. Tang et al. presented the effects of the processing methods on 

the fracture toughness of PPA-treated HNT/epoxy composites. The processing methods 

used for manufacturing are mechanical mixing and ball milling homogenization. 

According to the results, the ball milling homogenization method significantly ensures 

uniform dispersion of the halloysite contents of 10 wt.%. Consequently, the fracture 

toughness of epoxy was improved with the addition of halloysite 115. Zeng et al. studied 

the improvement of the dispersibility of HNTs within the epoxy resin. HNTs were treated 

with a low concentration of sodium hydroxide (NaOH) to form hydroxyl groups on the 

surface of the HNTs. The higher level of dispersion of HNTs in epoxy led to considerable 

enhancement in both stiffness and toughness for the resultant NCs 78. Deng et al. showed 

that, while treatment of HNTs did not affect the intercalating halloysite layers, PA 

treatment reduced the size of the clusters of particles. Also, silane and cetyl trimethyl 

ammonium chloride (CTAC) treatment caused agglomeration of HNT 116. 

In rundown interface is an important issue for the nano-sized filler incorporated 

polymeric composites. Since the interface of filler and polymer in the composite systems 

has a significant effect on morphological features, chemical compositions, and 

mechanical and physical properties of the resultant composite structure, studies of nano-

sized filler incorporated polymeric composites have been widely conducted in many 

decades. Besides, mechanical properties related to the interface of FRPCs were widely 

studied in previous studies in the literature. FRPCs with strong fiber/matrix interface has 

high stiffness and strength, but also low toughness. In recent studies, the production of 

multi-scale reinforced composites draws attention. Generally, multi-scale reinforced 

composites consist of three different phases, which are, (1) matrix (polymer), (2) micro-

sized reinforcement (glass fiber, carbon fiber, basalt fiber, etc.), and (3) nano-sized 

reinforcement (CNT, graphene, nano-silica, etc.) 117. Since among the nano-sized filler, 

CNT and GNPs have a larger interfacial area per particle than classical mineral fillers, 

usage of CNTs and GNPs for the production of multi-scale reinforced composites draws 

the most attention in the literature 118. For the production of multi-scale reinforced 

composites, nano-enabling approaches can be carried by (1) bulk resin, (2) fiber/matrix 

interphase, and (3) interlaminar modification. These multi-scale reinforced composites 
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are also called “novel hybrid” or “hierarchical” composite systems 32. The hierarchical 

structures are already found in nature, for example; plant cell walls, animal shells, and 

skeletons 119. Configuration of micro-and nano-sized fillers for the formation of the 

hierarchical composites is the most technological promise combining top-down and 

bottom-up processing. However, there are challenges to designing, processing, and 

characterization 120.  

FRPCs already have high mechanical properties such as high stiffness and 

strength, the incorporation of nano-sized fillers within the matrix or at the interface of 

FRPC is not expected to improve these properties. However, since mechanical properties 

like shear strength and fracture toughness are matrix- and interface-dominated properties, 

integration of nano-sized fillers for the production of the FRPCs has a direct effect on 

these properties. The role of the matrix in the composites is to hold the system together 

and govern the out-of-plane properties of composites. The major role of nanotechnology 

is improving the out-of-plane properties of FRPCs 117. Due to fracture toughness is very 

important for many FRPC applications (e.g., aerospace and oil/gas industries), it is 

essential to improve the fracture toughness, which is dominated by the matrix. 

Additionally, when the polymer segments are attractive to the particle surface, the density 

of the polymer segments that close to the fibers is much higher which leads to a storage 

change in chain dynamics. Although considerable efforts have been made to understand 

the interface between the micro-scale fiber and polymer, more studies should be carried 

out to fill the gap in understanding interfaces in nano-scale fillers 120. 

Among the aforementioned multi-scale reinforced composites production 

methods, bulk resin modification enhanced homogeneous dispersion of nano-sized fillers 

within the polymeric matrix via mechanical stirrer, calendaring, ultrasonication, etc. As 

previously explained, appropriate dispersion methods should be used to hinder the 

agglomeration and destruction of CNTs. In addition to the increase in the stiffness and 

the toughness of the polymers with the nano-sized filler incorporation, the usage of the 

nano-sized filler reinforced polymeric matrix in the production of FRPCs is also likely to 

provide lateral support to the load-bearing fibers. Another main concept also is the 

viscosity of the CNT reinforced matrix, such that it increases dramatically with increasing 

CNT concentration. Highly viscous matrix suspension causes difficulties in the 

production of FRPCs, as well as increases the agglomeration of CNTs, which results in 

infiltration during production. To eliminate the filtration problem the filament winding is 

an alternative for FRPC production 119.  
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The FW fiber-reinforced storage vessels and pressure pipes for high pressure are 

expected to have high stiffness and strength. The properties of the FW composite 

structures are affected by (1) the fiber properties, (2) winding angles, and (3) wall 

thickness. Also, the axial and hoop stiffness affect the properties of the FW CFRPCs, 

which is directly affected by the matrix modulus. Indeed, when a load is applied to the 

composite, it is transferred from the matrix to the fibers through the interface between the 

fiber and matrix. Thus, interfacial strength between the fiber and matrix highly affects the 

toughness and the strength of FRP composites 121. In decades inorganic fillers are often 

used to increase the stiffness of the polymer matrix materials by absorption of some 

deformation energy. Thereby, impregnation of nano-sized fillers enhances interlaminar 

shear strength, fracture toughness, and load transferability of FW fiber-reinforced storage 

vessels by the pull-out, rupture, and crack bridging mechanisms 31,51. 

 

 

2.2.2. Dispersion of Nano-sized Fillers Approach 

 

 

There are several physical methods for enhancing the distribution of micro-and 

nano-sized fillers within the thermoset resin. The most popular ones are;  

• Solution mixing,  

• Mechanical stirrer,  

• Ultra-sonication,  

• Calendaring (3-roll-mill), and  

• Ball milling processes30.  

According to the Van der Waals forces, nano-sized fillers tend to agglomerate. 

Agglomeration of the fillers can act as a stress concentration, which reduces the tensile 

strength of the NCs. Thus, a homogeneous dispersion of nano-sized fillers within the 

epoxy resin is a critical issue to ensure the load transfer from the matrix to the nano-sized 

filler. 

Solution mixing is a widely used dispersion method to disperse CNTs, GNPs 

within the resin in the presence of an organic solution for study on the mechanical 

properties of nanocomposites 122–125. Another widely used method is the ultra-sonication 

method, which generates ultrasound energy with an ultrasonic probe 30. However, to 
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avoid serious damage, ultrasonication should be implemented appropriately. Lu et al. 

defined the significant damages that may occur during a high-energy ultrasound applied 

to the CNTs. They observed bending and buckling in CNTs after sonication according to 

TEM images (Figure 2.12). Since the duration of sonication is a critical concern for 

damaging the CNT structure, serious damage and even breakages in the structure may 

occur at high sonication time. This results in a reduction in the mechanical properties of 

CNTs. Likewise, a high energy level of the ultrasound can cause more serious damages 

to the other carbonaceous nano-sized particles even more than CNTs. In the 

ultrasonication process, due to the production of local energy ultrasounds can cause 

damage and rupture on the structure of nano-sized particles when dispersion is 

accomplished within a high viscous resin -such as epoxy 126,127. So, nano-sized particles 

are usually mixed in a solution-based mixture first by ultrasound. Even if CNTs are 

separated in a low viscous liquid like acetone at low frequencies, after mixing the 

suspension with epoxy and removing the acetone with heat, agglomerates will remain 

(Figure 2.13) 31.  Besides, not removing the solvent completely from the mixture after the 

sonication process will affect the curing degree of the epoxy, which results in a decrease 

in the mechanical properties of NCs 128. 

Rafiee et al. used the sonication method to disperse GNPs within the epoxy and 

the results showed that graphene platelets improved tensile strength, Young’s modulus, 

and fracture toughness better than CNTs 129. According to the study of Gkikas et al., the 

amplitude and duration of the sonication process highly affected the fracture toughness 

but not the storage modulus of MWCNT reinforced epoxy NCs 130. 

Mechanical stirring is the other widely used method for the dispersion of nano-

sized particles in a liquid system. In the mechanical stirrer process, shear forces are 

applied by the rotation of the propeller. The parameters like the shape, size, and speed of 

the propeller and temperature affect the quality of nano-sized filler dispersion within the 

viscous resin 30,31,94. Sandler et al. reached a good dispersion after the intensive stirring 

of MWCNTs in epoxy resin 131.  

The calendaring method is another common technique for dispersing the micro-

scale particles as well as nano-scale particles in different viscous matrices without causing 

damage and rupture to nano-sized particles when compared to the sonication and high 
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Figure 2.12 TEM images of bending and buckling in CNT after sonication process 

(Source: Lu et al.,1996) 
 

 

 

Figure 2.13 TEM images of CNT/epoxy nanocomposites produced by the ultra-

sonication process (Source: Fiedler et al., 2016) 

 

shear mixing methods 31,33,97,132,133. During calendaring, high shear stress is applied to 

disentangle CNT bundles and allow a homogeneous dispersion. However, Fu et al. 

observed a length reduction of CNTs after calendar processing. This can be explained due 

to the minimum gap between the rollers (<5µm), which is almost equal to the length of 

the CNTs 134. Residence time, the number of times the mixture is feed, the gaps between 

the rolls, and the force between the rolls of the calendar affect the mixing quality. 

Jiménez-Suárez et al. investigated two different calendaring methods, which are the 

sequential batch and time-controlled methods. In the sequential method, the bundles of 
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the nano-scale reinforcements were disaggregated according to a progressive decrease in 

gap size. However, a time-controlled method is more difficult because of longer 

processing times. Slight differences were observed between two different manufactured 

nanocomposites 135. Thostenson et al. applied the calendaring method for two different 

gaps (5 and 10 µm), and according to the SEM images, a large number of CNTs were 

dispersed in the continuous matrix at 5µm gap 136. 

Ball milling is a grinding method that generates high pressure. Because it reduces 

the size of the particles, it can damage the structure of the nano-sized fillers 30. According 

to Tan et al., while the flexural modulus was significantly improved, the flexural strength 

was slightly improved with the incorporation of RGO. Also, the ball milling technique 

highly affected the flexural strength of the nanocomposites compared to the ultra-

sonication technique, while the flexural modulus is not affected by the dispersion method 
61. 

 

 

2.2.3. Interlaminar Failure Approach 

 

 

While laminated FRPCs have high strength in the in-plane direction, the strength 

is low throughout the thickness. This flaw leads to damage and interlaminar failure as a 

result of a high impact. This damage may create a catastrophic failure to the composite. 

To prevent this catastrophic result, improving the delamination resistance of the FRPCs 

is substantial. There are several studies in the literature to improve the delamination 

resistance of laminated structures by techniques aiming to increase the strength 

throughout the thickness. These techniques are;  

• Three-dimensional (3D) weaving 137,  

• Z-pinning 138,   

• Braiding, knitting and stitching 139,  

• Fiber hybridization 140,   

• Interleaving film, fibers, or particles between the composite 141–144, and  

• Toughening the matrix material with micro/nano-sized fillers (alumina, 

silica, carbon black, graphene, carbon nanotubes) 145–147.   
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Since to aware of the interlaminar failure of the produced multi-functional 

composites, researchers have used many test methods to determine the effectiveness of 

these techniques. The widely used test methods are; 

• The double cantilever beam (DCB) test to utilize the Mode I fracture 

toughness,  

• The end-notched flexure (ENF) test to investigate the Mode II fracture 

toughness and,  

• The short beam shear (SBS) test to determine interlaminar shear strength 

(ILSS) 148.   

SBS test specimen exposes to the interlaminar shear stress and shear stress, then 

fails in transverse shear. However, all-composite specimens do not fail in transverse 

shear. Besides, DCB characterizes the resistance to delamination. Delamination occurs 

near the stress risers, such as micro-cracks, holes, etc. 149. During the delamination, the 

loading pattern starts as tension and gradually becomes shear. Catastrophic results may 

occur without the mechanism to prevent delamination. So, delamination will be more 

damaging to the laminates than for transverse shear.  

Nano-sized filler addition to the FRPCs motivates to reduce the limitations 

correlated with the matrix dominated properties. Nano-sized fillers, such as CNT, ensure 

an improvement of delamination resistance without compromising the in-plane properties 

of FRPCs, besides they enhance the multi-functionality 119,150,151. These newly developed 

composites should resist the initiation of cracks and their propagation under external load 

for preventing catastrophic failure. In this context, the most important issue of laminated 

composite materials during damage is delamination. The objective is here to manufacture 

FRPC with nano-sized filler incorporated polymeric matrix to enhance the damage 

resistance and tolerance of the FRPCs.  

 

 

2.2.3.1. Interlaminar Shear Strength 

 

 

While in-plane properties of FRPCs are not directly affected by the incorporation 

of nano-sized filler within the polymer, out-of-plane properties are highly affected by 

nano-sized filler incorporation. ILSS is a matrix dominated property, and the interlaminar 
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shear properties of FRP is important for many applications, due to be a limiting 

characteristic design feature. In the past decades, the ILSS property of conventional fiber-

reinforced composites (basalt, glass, and carbon fiber) was improved by  7-50% with the 

incorporation of CNTs within the polymer matrix 51,76,159,160,146,152–158 (See Appendix B 

for the literature review of  ILSS of multi-scale FRPCs). 

Matrix modification with nano-sized fillers is an effective way to improve the 

interlaminar shear properties of FRPCs. While in the study of Qiu et al., GF-based FRPCs 

manufactured with 1 wt.% o-MWCNT reinforced epoxy by vacuum-assisted resin 

transfer molding (VARTM) exhibited a 7.9% improvement in ILSS, Fan et al. obtained a 

higher improvement on ILSS of GF/epoxy composites that manufactured with injection 

and followed by double vacuum-assisted resin transfer molding (IDVARTM) and 2 wt.% 

o-MWCNT incorporation 153,155. Amino functionalized CNTs at 0.3 wt.% incorporations 

enhanced further ILSS improvement regardless of the production method of FRPCs 
51,76,154,156. Besides the usage of bulk resin modification methods, the usage of fiber coated 

with the nano-solvent suspension to manufacture multi-scale FRPCs is also improved the 

ILSS 161,162. Furthermore, besides CNTs, the other nano-sized fillers like graphene, silica, 

alumina, etc., and in their other forms have been widely used to improve the ILSS of the 

multi-scale FRPCs, but the improvement has mostly not as much as the CNT contribution 
35,146,163–169. 

Furthermore, curved composite structures can be exposed to external forces, 

especially due to their usage areas. Since the damage in FW CFRPCs starts firstly at 

epoxy, the measurement of the interlaminar shear force is a very important parameter for 

CFRPC. In a study, ILSS of FW Naval Ordinance Laboratory-ring (NOL-ring) improved 

28% with 6 wt.% MWCNT-NH2 incorporations 159. In another study, a synergetic effect 

of core-shell rubber and a rigid nano-sized SiO2 incorporation on the mechanical 

properties of FW CF/epoxy NOL-ring was studied. In addition to other mechanical 

properties, ILSS was also improved 168. 

 

 

2.2.3.2.  Delamination Fracture Toughness 

 

 

Definition of Delamination: 
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The separation of two adjacent layers from the layered composites is called 

“delamination” or “fracture toughness”. It is the most common fracture mode in 

laminated composite structures and is defined as the “Achilles heel” of composite 

materials 170. As delamination has an important role in determining the durability and 

damage tolerance, it is an essential issue to address for laminated composites. 

Delamination can occur by mismatch material usage, the shear stress between the layers 

and material, and/or initial geometrical imperfections (broken fibers, void containing, 

structural imperfections, delamination regions, cracks in matrix material, foreign material 

inclusion, etc.) 171,172. Since delamination damage mode decreases the stiffness and 

strength of the composite materials, with the enlargement of the delamination, failure is 

completed. 

 

Delamination modes and mechanisms: 

Interlaminar fracture toughness is a failure mode for laminated composite 

structures and characterized in terms of the critical strain energy release rate, . This 

failure occurs according to the high out-of-plane loads (fibers cannot resist this loading) 

and therefore, the production of multi-scale composites has been attracted a lot of 

attention 32,169. The delamination of FRPCs can occur when the composite subjected to 

three different modes;  

• Peel mode (Mode I ( 𝐼 ))-tensile load,  

• Shear mode (Mode II ( 𝐼𝐼 ))-shear load, and  

• Tearing mode (Mode III ( 𝐼𝐼𝐼 ))-combined load 173.  

All delamination modes were illustrated in Figure 2.14. As illustrated in Figure 

2.15 (a), the delamination of FRPCs starts with the delamination initiation, followed by 

crack jump and then steady-state growth. Figure 2.15 (b) shows the morphology of the 

fracture surfaces during crack growth. Delamination initiation between resin interlayer is 

seen as a honey-comb shape on the fractured surface. Crack jumps from interlayer to 

between interlayer and lamina layer, then steady-state growth takes place, and finally, 

here fibers can be seen on the fracture surface 174.  

Among the delamination modes, Mode I interlaminar fracture toughness has 

attracted a lot of attention among the researchers, due to the low delamination initiation 

energy during the shear mode. While delamination occurs between the laminates, fibers 

tend to bridge between two separated sub-laminates behind the crack tip. This tendency 
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is called “the fiber-bridging” effect, which increases the critical strain energy release rate 

with delamination extension. This increases the fracture toughness, which is characterized 

by the resistance curves (R-curves). R-curves consists of three main stages;  

• Initiation toughness ( 𝑖 𝑖),  
• Steady-state toughness ( ), and  

• Steady-state fiber-bridging length ( 𝐹𝐵).  

R-curves do not depend on the material properties, but it highly depends on the 

specimen size and geometry (initial crack length, width, thickness, and curvature) 175. 

While the curvature of the composite does not affect the initiation toughness, it affects 

the steady-state toughness and fiber-bridging length 176.  

Fracture toughness depends on several parameters such as;  

• Fiber sizing/coating and adhesion between the fiber and matrix 177,178, 

• Specimen geometry 179,  

• The inserted film features 180,  

• Fiber volume fraction 181,  

• Stacking sequence 182,  

• Loading rate 183,  

• Crack length 184,185,  

• Environmental conditions 186, etc.  

To increase the fracture toughness, the fiber-bridging mechanism should be 

improved behind the pre-crack. This can be achieved by producing multi-scale 

composites with the aforementioned techniques to enhances the performance of the 

laminated composite structures through the thickness. However, most of these techniques, 

such as 3D weaving, Z-pinning, braiding, stitching can lead to a reduction in-plane 

mechanical properties 142,187. Interlaminar fracture toughness can be improved with the 

micro-and nano-sized filler toughened matrix technique. As summarized in Appendix B, 

comprehensive studies of multi-functional FRPCs have been conducted to achieving 

superior properties without sacrificing in-plane properties with the incorporation of nano-

sized fillers such as CNTs 146,152,188–195, graphene 146, nano-silica 167,168, halloysite 35, 

alumina 165,169, etc. within the matrix. 
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Figure 2.14 Modes of delamination (Source: Manjunatha et al., 2015) 

 

 

(a) 
 

 
(b) 

 

Figure 2.15 (a) Crack growth during delamination and (b) Fracture surface 

morphology of Unidirectional Torayca T800H/3900-2 graphite/epoxy (Source: Zhao, 

2011) 
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2.2.3.3.  Delamination Fracture Toughness of CFRPCs 

 

 

Delamination is a damage type that occurs throughout the circumferential 

directions in CFRPCs. When the force is applied to the CFRPC structures, curved regions 

of CFRPCs are exposed to bending moment, which results in delamination in the curved 

regions. Therefore, the determination of interlaminar fracture toughness of curved 

composites is of great importance for their performance. There are several numerical and 

experimental studies in the literature for determining the delamination propagation of 

CFRPCs 176,184,185,196–199. In both experimental and numerical studies of Ghadirdokht, FW 

flat and curved laminated composites were tested under Mode I load. While the curvature 

does not affect the initiation toughness, curvature increases steady-state toughness but 

decreases fiber-bridging length (Figure 2.16). Based on the numerical studies, they 

showed that delamination modeling in curved samples can be assumed to be the same as 

flat samples 176. In another study by Liu et al., curved carbon fiber reinforced polymeric 

composites showed significantly higher Mode-I fracture toughness values than the strait 

one 197. 

 

 

 

Figure 2.16 Fiber-bridging phenomenon of (a) Flat DCB specimen and (b), (c), and 

(d) Curved specimen with increasing curvature (Source: Ghadirdokht, 2019) 
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It was stated in the previous subtitle that fracture toughness depends on many 

parameters. Some of these parameters for curved samples were reviewed by researchers. 

Especially for the FW CFRPCs, the angle of the fiber and number of the layers influence 

the delamination fracture toughness. A study by Ozdil et al. showed that initiation fracture 

toughness was increased with increasing fiber angle for both thin and thick beam cut from 

the FW CFRPCs longitudinally. The experimental results were coherent with analytical 

results 198. In addition to the angle of the fiber and thickness of the specimen, the pre-

crack length of CFRPCs extremely affects the interlaminar fracture toughness by fiber-

bridging length, as shown in Figure 2.17 185. Also, some researchers showed that 

compliance ( ) is not influenced by the curvature at the composite sample and pre-crack 

length, significantly 176,198. As Figure 2.17 illustrates that, while calculated compliance 

values with the progress of the delamination for different pre-crack lengths are overlapped 
196, compliance graphics for samples with different curvatures nearly overlapped 185. 

Guedes et al. used the modified compliance calibration (MCC) and compliance-

based beam method (CBBM) for the calculation of the Mode I fracture toughness. 

According to the numerical and experimental results, both methods are accurate to each 

other 199. 

Toughening of the polymeric matrix with nano-sized fillers will enhance the 

matrix thickness in the space between commercial fibers. In this context, the interaction 

between commercial fiber and epoxy will increase, and the delamination resistance will 

also increase. Consequently, the resistance of FRPCs to blast loading or hard object 

impact loading will increase. 

 

 

 
(a) 

 



57 

 
 

(b) 

 

Figure 2.17 Compliance curves for (a) Different pre-crack length (Source: 

Mohammed et al., 2018), and (b) Flat and curved samples in increasing curvature 

(Source: Laid et al., 2018) of CFRPCs 

 

 

2.2.4. Toughening the Matrix Material Technique with CNT 

 

 

According to the high aspect ratio of CNTs, the reinforcement of the FRPCs with 

CNTs leads to entanglement between CNTs and fibers that result in an extra energy 

requirement to pull-out the CNTs from the host matrix. Consequently, CNT toughens the 

matrix and hinder the propagation of cracks by enhancing the load transfer, and that 

results in a delamination resistance in the FRPCs. However, there are some limitations to 

the usage of CNT reinforced thermoset polymeric matrix for the production of multi-

functional FRPCs; (1) agglomeration of CNT within the epoxy resin, (2) increasing 

viscosity, (3) filtration of CNTs during production, etc. While the necessary steps to solve 

the agglomeration problem have been considered in the previous titles, the viscosity will 

be mentioned in the following titles. When filtration is considered, CNT bundles by 

preform mesh during FRPC fabrication are another problem, an increase in concentration 

can induce the filtration of agglomerated nano-sized filler especially during RTM 

processes 200. 

For taking the advantage of the mechanical properties of CNT, to enhance the 

performance of the composites, it is essential to obtain a homogeneous dispersion in the 
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composite. Particularly, the dispersion of CNTs within the thermoset polymeric matrix is 

challenging due to the Van der Walls attraction between particles. However, there are 

previously mentioned techniques to overcome this challenge. These techniques are (1) 

physical methods and (2) interfacial modifications with a chemical router (covalent and 

non-covalent functionalization). The most used physical methods are shear mixing, 

calendaring, extrusion, ultrasonication, ball milling, and the combinations of these 

techniques 30. In the literature, widely used physical methods are high shear mixing, 

ultrasonication, or their combinations for producing multi-functional FRPCs 
35,154,156,157,160,193,201. The calendaring method is also used, due to breaking CNT bundles 

with a small gap between the mills by high shear 76,152,158. The aforementioned 

functionalization techniques of CNTs highly affects the mechanical properties of multi-

scale FRPCs. Functionalized CNT improve the strengthening mechanism of FRPCs, due 

to enhancing the stress transfer. Covalent functionalization of CNT especially for 

SWCNT can lead to a reduction in the performance of CNTs by damaging the CNT walls. 

There are several studies about the incorporation of covalently functionalized CNTs to 

multi-functional FRPCs 152,188,192,193. Non-covalent functionalization of CNT ensures the 

dispersibility of CNT within the polymeric matrix without damaging CNT walls 109. 

However, there are few studies about non-covalently functionalized CNT incorporation 

for the production of multi-functional FRPCs 160,189. Therefore, in this thesis, the focus 

will be on the interlaminar fracture toughness behavior of composite laminates using non-

covalently functionalized CNT reinforced matrices. 

A study by Sánchez et al. emphasizes the significance of functionalized CNT 

utilization on the performance of multi-scale FRPCs. Amino functionalized CNT, which 

prevents the formation of micro-agglomerates, was dispersed within the epoxy matrix by 

the calendaring method. The results demonstrated that the performance of the multi-scale 

composites was increased with the incorporation of functionalized CNTs 158. In another 

study by Rahman et. al, the physical properties of GF-based FRPCs were described with 

enhancing the crosslink density by an effective and low contribution of nano-sized filler 

addition, which is amino-functionalized MWCNT. The dispersion of CNT is carried out 

by a combination of ultrasonication, calendaring method, and shear mixing 156. In another 

study using amino-functionalized CNT; CNTs were dispersed within the polyester resin 

via a 3-roll milling technique, and for preventing the agglomerations of CNTs on the 

fibers VARTM technique is used. However, while some physical properties of multi-

functional FRPCs are enhanced, some of them decreased slightly 152.  
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2.2.5. Toughening Mechanisms  

 

 

Several toughening mechanisms define the fracture toughness properties of 

micro-particle (spherical or fibrous) reinforced brittle thermosets. These mechanisms 

depend on the particle size and morphology, interfacial bonding between particle and 

matrix, volume/weight fraction of the particles in the matrix, mechanical properties of 

both filler and matrix, phase transformation, etc. 31. The toughening mechanisms are 

generally categorized according to the effect of rigid particles on the brittle thermoset 

polymers; on-/round-plane (crack pinning and crack deflection, in which crack front 

encounter with particles) and off-/away-plane (debonding and plastic void growth, in 

which the damage is occurred in away from the crack tip) 77,202. The rigid micro-sized 

fillers incorporation toughen the epoxy through the crack pinning, crack deflection, 

micro-cracking and plastic void growth, particle/fiber debonding, particle/fiber 

deformation, or breaking at the crack tip 31,34,203–205. However, understanding the 

toughening mechanisms of nano-sized filler incorporated epoxy composites is important 

because plastic zone size is small for the epoxy resin. The size and geometry of the fillers 

affect the distribution of the filler within the matrix. A smaller sized filler ensures a further 

amount of particles that contribute to the plastic zone deformation process during crack 

propagation than a larger sized filler 31. However, the toughness effect of nano-sized 

fillers on the epoxy composites are not completely definite yet. According to Fiedler et 

al., toughness mechanisms for micro-sized rigid filler reinforced epoxy composites can 

offer basic assumptions for explaining the toughness effect of nano-sized filler within the 

epoxy 31. Still, wide studies are needed to understand the toughening mechanisms of 

nano-sized fillers 34.  

Crack pinning (crack bowing) mechanism can be defined for micro-and nano-

sized particles. This mechanism is parallel to the precipitation hardening, which has an 

interaction between the particles and dislocations within the matrix. Crack is entrapped 

and blocked by the crack pinning mechanism due to the blunting of the crack tip with 

localized plastic deformation. This mechanism firstly defined by Lange 206 as 

inhomogeneous dispersion of a second phase within the matrix causes obstacles and 

delays the crack propagation by the crack pinning mechanism. This delay depends on the 

particle size and spacing between the particles. As shown in Figure 2.18, during the crack 
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propagation, bowing lines are presented between the second phase dispersion, which is 

shown by an arc of a circle with a 2R diameter. When the crack meets the obstacles, crack 

propagation pins and encounters, and finally bow out with forming a non-linear crack 

propagation. Because bowing needs more energy, the crack resistance is enhanced with 

the increase of the crack length by the formation of a non-linear crack (secondary cracks, 

which provides energy dissipation during crack propagation) that assumed as a “line 

energy”. Secondary cracks are formed as a result of the branching of the initial crack, 

which improves the fracture toughness of the matrix. Crack pinning toughening is 

increased with a high content of filler, a high aspect ratio of filler, average distance among 

the fillers, and high mechanical properties of the filler 207–209.  

 

 
 

Figure 2.18 The model of crack pinning mechanism (Source: Lange, 1970) 

 

Crack deflection is a toughening effect that occurs when the crack front tilts and 

twists due to the interaction between the reinforcement and the crack front. Faber and 

Evans 210 used the fracture mechanics approach to the analysis of the crack deflection 

process. When the crack first meets and intercepts by a micro-sized filler, it will tilt at an 

angle that depends on the orientation and position of the initial crack (Figure 2.19 (a)). 

Then, it may be followed by twisting and tilting of the crack as the deflected crack 

intercepts by further particles (Figure 2.19 (b)). Three different crack models can occur; 

(1) flat crack in Mode I (opening), (2) tilt crack in Mode I and Mode II (sliding), and (3) 

twist crack in Mode I and Mode III (tearing). Fracture under Mode II and Mode III load 

need more energy than Mode I. As the deflected crack experiences mixed-mode loading, 

fracture energy increases. Hence, it results in great energy absorption as a result of local 

stress intensities at the crack fonts 211,212. Crack deflection toughening increases when 
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twisting is more dominant than the tilt of the crack. Also, the high content of filler and 

high aspect ratio of filler increases the crack deflection toughness. While the aspect ratio 

of the rod has little effect on the tilting of the crack, the aspect ratio has a great effect on 

twisting (Figure 2.20) 210. 

 

  
  
(a) (b) 

 

Figure 2.19 Schematic illustrations of (a) Tilt crack front, and (b) Twist crack front 

(Source: Faber and Evans, 1983) 

 

 
 

Figure 2.20 Schematic illustrations of twist of  a crack front with different aspect 

ratios of rods (Source: Faber and Evans, 1983) 

 

The interface or immobilized layer of polymer around the particle formation is 

another mechanism 77. In this mechanism surrounding polymer (interface) is immobilized 

by the particles. Immobilized is affected by the interfacial bonding, which depends on the 

“effective volume fraction” 213. For an effective volume fraction model, an effective 
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particle volume fraction, and a constant effective interface thickness are needed. When 

the particle radius increases, interface volume and effective volume ratio decrease which 

lowers the elastic properties of the composite 214. This local fluctuation at the matrix 

created by the particles may influence the fracture mechanisms like the pinning 

mechanism 209. 

The separation of the filler from the matrix called “debonding”, which reduces the 

stress at the crack tip. Debonding and the subsequent plastic deformation via a void 

growth play an important role in the toughening mechanism of filler reinforced epoxy 

composites 77,203. Localized plastic deformation produces a network at the front of the 

crack tip, which strongly depends on the interfacial adhesion between filler and matrix 
215. Among the plastics, thermosets have resistance to plastic deformation due to their 

cross-linked network structure. Plastic shear yielding plays an important role in the 

toughening mechanisms of the thermoset-based composites due to leading crack 

initiation. Plastic shear yielding can be induced by the presence of rigid fillers. When the 

adhesion between the rigid filler and the matrix is weak, and the filler size is relatively 

large, interfacial debonding may occur and follow by plastic deformation, due to the poor 

adhesion between the filler and the matrix acts as stress concentrations or micro-cracks 

at the crack tip after debonding 212,216. Localized plastic shear yielding exists at the crack 

tip surroundings and results in cavitation in the matrix. In the circumstances, small-sized 

fillers have a better toughening effect than larger ones. But it should be noted that 

debonding can be also occurred by the presence of flaws, air bubbles, or molecular 

inhomogeneities that act as stress concentrations. 

Fiber pull-out occurs behind the crack tip separation of the fibers from the matrix 

while energy is observed due to the shear stress at the fiber and the matrix interface 217. 

Kelly studied the effect of the aspect ratio on the toughened of the FRPCs 218. When the 

fiber length was below the critical fiber length, pull-out was observed. However, when 

the length exceeded the critical fiber length, fiber failure occurred. Fiber pull-out relates 

to the interfacial friction between fiber and a broken matrix 219. So, it is clear that the 

aspect ratio is a crucial issue for determining the fracture toughness mechanisms. For 

particles with larger aspect ratios than for rods like short GFs are much more coherent 

with fiber pull-out than crack deflection 219. The size and geometry of the filler highly 

affect the growth of the process zone in front of the crack tip. The higher aspect ratio 

(length/diameter ratio) and higher specific surface area (SSA) both together provide a 

desirable interface for a better stress transfer. CNTs have larger SSA than conventional 
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fibers. Thus, contribution to the plastic zone deformation is going to be larger when CNTs 

are used as a reinforcement for epoxy-based NCs 31,51. Homogeneous dispersion of CNTs 

is crucial for estimating the pull-out mechanism especially for nano-sized incorporated 

epoxy because CNTs tend to agglomerate 31. 

For the fiber-reinforced polymers, the contribution of the fibers to the process 

zone in front of the crack tip and a strong interface adhesion enables crack bridging 103,220. 

During the crack propagation, the crack jumps from one fiber-matrix interface to another 

without damaging the fibers 196. So, because fibers carry out the stress under the load, 

fiber-bridging improves the fracture toughness of epoxy via reducing the stress at the 

crack tip and hinder the crack propagation. For the bridging effect of CNTs, it shows the 

extensibility behavior of CNT. That leads a partial debonding and bridging mechanisms, 

which is shown in Figure 2.21 (a). Also, a weak interfacial bonding between CNT and 

matrix, pull-out takes place shown in Figure 2.21 (b). When the pull-out occurs in the 

composites, there is a large process-zone development, which leads to an enormous 

matrix deformation 37,220. 

 

   
 

(a)  (b) 
 

Figure 2.21 (a) Partial debonding and bridging, and (b) Pull-out due to debonding of 

CNT reinforced epoxy NCs (Source: Gojny et al., 2005)  
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2.3. Rheological Properties of Nano-sized Incorporated Polymeric 

Matrices 

 

 

The rheological property of epoxy is highly affected by the incorporation of nano-

sized fillers. Rheological property plays an important role in the quality of the production 

and mechanical features of produced NCs and multi-functional FRPCs. Thus, 

understanding the rheological behavior of epoxy resins with the incorporation of nano-

sized filler is crucial for developing the production process and mechanical properties of 

composites 80. Incorporation of rigid nano-sized fillers within the epoxy matrix generally 

results in (1) viscosity build-up, and (2) a shear-thinning (viscosity reduction) according 

to the aspect ratio and dispersion level of the fillers. Figure 2.22 (a) and (b) illustrates the 

viscosity behavior depending on the exfoliation level of ZrP nanoplatelets within the 

epoxy, and the different aspect ratios but the same amount of ZrP nanoplatelets at room 

temperature, respectively. For the well-dispersed system viscosity build-up and shear-

thinning exhibit higher than for poor dispersed system. Also, a high aspect ratio of the 

nanoplatelet addition within the epoxy exhibits a great increase in viscosity and high 

shear-thinning behavior 221. 

The rheological property of the resins varies with the dispersion level of the filler 

as well as the interfacial interaction between the filler and the resin. Due to the surface 

modification, the dispersion level of the fillers improved and exhibit a higher shear-

thinning behavior 222–224. Kim et al. studied the effect of pure, acid oxidized, amine-

functionalized, and plasma oxidized MWCNTs on the rheological behavior of epoxy. 

According to the results, surface treated MWCNT showed stronger shear-thinning 

behavior and higher shear viscosity than those for pure MWCNT 222. Abdalla et al. also 

demonstrated that the fluorinated MWCNT incorporated epoxy exhibit higher viscosity 

and a more noticeable shear-thinning behavior than neat epoxy and unmodified MWCNT 

incorporated epoxy 224. 

Rigid fillers generally increase the viscosity of the resin, which affects the 

manufacturing quality for the production of FRPCs 77,225,226. Especially for the filament 

winding process, a low viscous resin is required for obtaining a complete wet of the fibers 

and removing the air bubbles from the resin easily. Appropriate working viscosity is in 

the range of from 350-1500 cP at room temperature. Extremely viscous resins cause 
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uneven fiber wetting and winding, excessive stress in the fiber, fiber spray in a resin bath, 

etc., which will affect the properties of resultant material 226.  

 

 

 
(a) 

 

 

 
(b) 

 

Figure 2.22 Viscosity behavior with increasing shear rate due to (a) The exfoliation, 

and (b) Aspect ratio of ZrP nanoplatelets at room temperature (Source: Sun et al., 

2009)  

 

 

2.4. Literature Review on FW CFRPCs 

 

 

CFRPC pipes and vessels are designed to resist either internal pressures sourced 

from the fluid transport and storage or external pressures caused by underwater or 

underground and transportation applications. The main concern is to improve the 
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performance of CFRPC in case of the internal and external pressure caused by their 

applications and failure mechanisms depending on their service life. Common failure 

mechanisms of CFRPCs are; (1) functional failure (leakage, etc.), and (2) structural 

failure (burst failure, etc.). These failures can be occurred separately or concomitantly 

depending on the loading type. The critical properties of the CFRPC are burst pressure, 

and buckling due to the bending, durability, and corrosion 227–229. 

Since designing the CFRPC numerical simulation and optimization is essential 

especially for pressure vessels, several numerical studies are available in the literature. 

Finite element analysis is commonly used to overcome numerical problems in the design 

of cylindrical pressure vessels with a complex structure. Thereby, cylindrical composite 

optimization deals with the improvement of weight, strength, reliability, and life by 

designing the fiber winding angle, and composite geometry and thickness. An optimum 

winding angle is defined by expected loading cases, such as; purely uniaxial loading 

(±75˚), and combined internal pressure and axial loading (±55˚) 230. For the prediction of 

the real-time performance burst analysis of CFRPC is a critical issue. For the burst 

analysis, CFRPC is subjected to varied pressures caused by different liquids such as 

water, gas, chemicals, etc. Furthermore, there are many studies that CFRPC has been 

exposed to impact loading for determining the material and structural responses by the 

delamination and fiber fracture mechanisms. 

Onder et. al studied the burst pressure of FW composite pressure vessels with 

varying fiber orientations under internal pressure and hygrothermal force. The optimum 

winding angle is obtained as 550 for the composite vessels under internal pressure. 

However, hygrothermal loading did not affect the burst pressure of vessels. Also, results 

obtained analytical methods were compatible with the experimental results 231. In another 

study, Erkal et al. investigated the optimal angle-ply orientation of symmetric cylindrical 

composites under fatigue loading. The FW cylindrical composites were fabricated from 

e-glass and epoxy in [±75°]2, [±60°]2, [±55°]2, and [±45°]2 orientations. Burst pressures 

measured experimentally under alternating pure internal pressure and the failure 

mechanisms were investigated for the cylindrical composites. The optimum winding 

angle was obtained as [±450]2 under internal fatigue pressure for cylindrical composites 
232. 

Demir et. al studied the performance of FW GF/epoxy vessels fabricated from 

fibers oriented [+55/-55-/+55/-55]2s on burst pressure under varying impact energy levels; 

10, 15, 20, 25, and 30 J for empty vessels and 10, 15, 20, and 25 J for water-filled vessels 
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at 250C and 700C. As a result of repeated transverse impact load, the burst pressure 

decreased with increasing impact load and temperature 12. 

As mentioned before, in FRPCs, it has been become prominent to increase the 

toughness of the matrix material due to delaying the progression of the matrix crack and 

increasing the performance of composites. The most important problem is leakage, which 

results from the permeation of the fluids (gas or liquid) from the vessel or pipe to the 

outside by the matrix cracking. For the internal pressure development of FW CFRPCs, 

split-disk tests are generally performed experimentally 233. As matrix cracking is a major 

problem for the pressure vessel and pipe applications and it plays an important role to 

determine the fracture toughness, Demirci et al. studied the fracture toughness 

improvement of FW basal fiber-based pipes with the incorporation of nano-sized silica. 

They studied the hoop tensile stress, strain for notched and un-notched ring specimens, 

and performed split-disk tests. They came up with an idea and calculate the fracture 

toughness (Mode I) of 4 wt.% SiO2 filled and unfilled ±[55]6  FW basalt fiber composites 

for the single-edge notched ring specimens. The mechanical properties of the FW 

composites were enhanced with the incorporation of SiO2. Ranges of 27.7-30.3% 

increment monitored for the hoop tensile stress with the incorporation of SiO2. Mode I 

fracture toughness was also increased 43-50% for SiO2 filled basalt fiber-based filament 

wound composites 215. 

Until about 10 years ago, as the primary load was carried by fiber in composite 

pressure vessels, the burst strength is dominated by fibers, and the matrix resin is 

neglected. However, because the use of fiber in pressure vessel production is higher than 

the matrix resin, the cost and the density increase. Therefore, the reduction of process 

time and the cost can be reduced by reducing the amount of used fiber for the composite 

pressure vessel production. Accordingly, the optimum design should be used to overcome 

the required strength of the vessels with a minimum amount of fiber 229. In some studies, 

nano-sized fillers were used for the production of composite pressure vessels. Among 

these studies, the more common one is to use the nano-sized fillers incorporated matrix 

resin for the production of vessels 227,229, but nano-sized fillers incorporated liners were 

also used 234. 

Thunhorst et al. studied the nano-silica concentration effect on the performance 

of both the epoxy matrix and their usage of FW CF reinforced composites. The target of 

the study is to specify the appropriate nano-silica doped resin ranging from 0-33 wt.% for 

the FW process (first in the hoop direction, then in the helical direction, till liner 
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overwrapped by fibers). Epoxy resin properties showed an improvement with increasing 

nano-silica concentration. Further, the burst pressure, the total fiber delivered strength 

and the fatigue life of the FW  type III vessels were also enhanced by the contribution of 

nano-silica with a balanced weight and cost 229. Bashar et al. investigated the effect of 

nano-sized organic and inorganic fillers (silicate clay and tri-block-copolymer) 

incorporation to the epoxy for the matrix cracking of the FW basalt fiber reinforced pipes 

with ±60 winding angle. According to the result, moderate improvements were obtained 

in the leakage failure strain of the composites 201. 
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CHAPTER 3 

 

 

THEORETICAL FRAMEWORK 

 

 

As a result of the extensive literature review, the theoretical framework was 

created for the thesis study. Based on the aim of this thesis, firstly improvement of the 

matrix material (Bisphenol-A epoxy) performance was studied experimentally, and then 

performance-enhanced epoxy was adapted for the production of FW CFRPCs. In light of 

this, a flowchart was constituted, and shown in Figure 3.1. 

The use of functionalized fillers is important as adhesion between the filler and 

the matrix highly affects the performance of the final composite. In many studies in the 

literature, the performance of composites has been improved by using covalent 

functionalized CNT. However, many researchers approved that, the CNT structure is 

damaged by the covalent functionalization. Therefore, it is aimed to increase the 

performance of the epoxy matrix and FRPCs without compromising the properties of the 

CNT by using the non-covalent functionalized CNT that does not damage the CNT 

structure.  

The other substantial issue is the dispersion of the CNT within the epoxy matrix. 

According to the result of the literature review, the calendaring method, which applies a 

high shear, is appropriate because it disentangles the CNT bundles with a small distance 

between the rolls. 

For this thesis to achieve its essential purpose, a toughened matrix was used for 

the production of CFRPCs. Since the filament winding ensures to manufacture of type III 

composite vessel for hydrogen gas storage, CFRPCs were manufactured by the filament 

winding process with literature approved winding angle. The effect of the usage of 

toughened epoxy for the production of CFRPCs on the performance of the materials used 

for the production of pressure vessel applications was experimentally studied. 
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Figure 3.1 Schematic illustration of the thesis flowchart
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CHAPTER 4  
 

 

EXPERIMENTAL METHOD AND INSTRUMENTATION 

 

 

4.1. Material Preparation 

 

 

4.1.1. Materials 

 

 

In this thesis, micro-and nano-sized fillers were utilized to manufacture nano-

sized (SWCNT, TEGO, and HNT) incorporated epoxy NCs and FW CFRPCs with 

SWCNT incorporated epoxy.  

For the fabrication of cylindrical composite structures, a continuous fiber was 

used as an essential reinforcement suitable for the filament winding process. Continuous 

E-glass fiber (FWR06 1200 tex) with a density of 2.56 g/cm3 and a 17 µm diameter were 

supplied from Sisecam Elyaf Sanayii Inc., Turkey. The thermoset epoxy resin Araldite® 

MY740, and its curing agent Aradur® HY918, and accelerator DY062 were used as a 

matrix material with the weight ratio of 100:85:1.3, respectively. 

Three different nano-sized fillers were used as reinforcements in this study; (1) 

Chemical Vapor Deposition (CVD) grown SWCNTs, which were non-covalently 

functionalized with ethoxylated alcohol (TUBALLTM Matrix 301), (2) TEGO and, (3) 

Silane-treated halloysite.  

As-received pure and non-covalently functionalized SWCNT with 2 nm outer 

mean diameter and >5 µm length was supplied from Pinhas Inc. of Turkey and examined 

under SEM (Figure 4.1). As-received TEGO, which was obtained through two processes; 

(1) graphene oxidation and (2) thermal expansion of GO in high quality and at low cost, 

was received from NanografenTM Inc, Turkey. Silane-treated halloysite with under 45µm 

in grain size was obtained from Esan Eczacıbaşı Industrial Raw Materials Co. SEM 

images of layered as-received TEGO and silane-treated halloysite are shown in Figure 
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4.2. Technical properties of the fillers obtained from datasheets were summarized in 

Table 4.1.  

 

 
 

(a) 
 

 
 

(b) 
 

Figure 4.1 SEM images of as-received (a) Pure SWCNT, and (b) Functionalized 

SWCNT 
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(a) 
 

 
 

(b) 
 

Figure 4.2 SEM images of as-received (a) TEGO, and (b) Silane-treated halloysite 
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Table 4.1 Technical properties of used micro-and nano-sized fillers 

 

Filler  Length (µm) Diameter (nm) Density (g/ml) 

HNT 1.2 douter = 40 

dinner = 20 

2.1-2.6 

TEGO   1.188 

SWCNT >5 douter = 2 0.97 

GF  17x103 (filament diameter) 2.56 

 

 

4.1.2. Synthesis of NCs 

 

 

Nano-sized filler incorporated epoxy was prepared by the calendaring method at 

different nano-sized fillers with various concentrations to be used to produce the NCs and 

GF-based CFRPCs. 

For the production of NCs, nano-sized filler types, and their concentrations in 

percentage by weight were listed in Table 4.2. Abbreviations of the NCs were constituted 

as followed by the contents of nano-sized fillers (x), nano-sized filler type, and matrix, 

respectively.  

 

Table 4.2 Abbreviations of NCs according to the types of nano-sized fillers and their 

concentrations  

 

Abbreviations of NCs Nano-sized fillers (x) Contents of Fillers (wt.%) 

xSWCNT/epoxy SWCNT(Matrix301) 0.0125, 0.025, 0.05, 0.1, 0.3, 0.5 

xTEGO/epoxy TEGO 0.025, 0.05, 0.1 

xHNT/epoxy HNT (Z-6040 silane) 0.5 

 

As it can be seen in Figure 4.3, nano-sized filler reinforced epoxy NCs were 

fabricated in five main steps; 

• 1st step; neat and nano-sized fillers incorporated epoxy was mixed by a 

mechanical stirrer at 1000 rpm,  
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• 2nd step; the mixtures were exposed to the high shear with a three-roll-mill 

(ExaktTM 80 E calendar equipment) with the 5µm gap size and different 

milling speeds for six stages, and the mixtures were collected immediately 

after every mixing stage (see in Table 4.3).   

• 3rd step; neat and nano-sized filler incorporated epoxy blends were blended 

with the hardener (HY918) and accelerator (DY062).  

• 4th step; the final suspensions were degassed in a vacuum oven at 80 mbar 

for half an hour to remove the air bubbles from the mixture.  

• 5th step; the prepared mixtures were cast in silicone molds, and neat epoxy 

and NCs were cured at 800C for 2 hours and followed with a post-curing 

at 1200C for 2 hours within a controlled oven.   

 

 
 

Figure 4.3 The schematization of NC preparation 

 

Table 4.3 Mixing stages for the preparation of epoxy mixtures at 5 µm gap sized and 

variable mill speeds 

 

Mixing stage Gap size (µm) Mill speed (rpm) 

1st 5 180 

2nd 5 200 

3rd 5 220 

4th 5 240 

5th 5 260 

6th 5 280 

hardener 
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4.1.3. Fabrication of CFRPCs 

 

 

Neat and SWCNT (0.05 and 0.1 wt.%) incorporated epoxy blends from the 3rd 

step of the production process of NCs were used for manufacturing the reference and 

SWCNT incorporated GF-based CFRPCs by filament winding method, which is 

conducted with CADWIND CAM99 software. Two different CFRPCs with an inner 

diameter of 60 and 275mm were prepared with [±550]n fiber direction. The layer number 

of composites was n=4 and n=2 for cylindrical composites with an inner diameter of 60 

and 275 mm, respectively. While the filament winding process for CFRPCs with an inner 

diameter of 60 and 275mm as illustrated in Figure 4.4, Figure 4.5 shows the fiber direction 

during the filament winding. CFRPCs with an inner diameter of 60 and 275mm were 

manufactured for the reason of performing the split-disk tests, and double cantilever beam 

test (DCB), respectively. A non-adhesive release layer with a thickness of 19 µm was 

inserted between the 1st and 2nd laminates during the filament winding process to create 

an initiated crack along the interlaminar region of the DCB test specimens in the 

longitudinal and transverse directions.  

With the purpose of the trial, only the outer layer/s of CFRPCs wound with 

SWCNT reinforced epoxy. Specimen abbreviations were constituted as followed by GF, 

SWCNT incorporation with percent content by weight in the matrix, and matrix material, 

respectively. The cured reinforced resin was burn-off to weigh both resin and fiber 

following ASTM D2584-94 standard 235. A burn-off test was carried out for at least 3 

specimens for each composite. Weight percentages were calculated according to the 

equation (4.1). The calculated fiber weight and abbreviation of FW GF-based specimens 

according to their inner diameter and SWCNT content are given in Table 4.4. 

 𝑊 = 𝑓𝑐 ×                                                     (4.1) 

 

Where; 𝑊  fiber weight percentage,  and  mass of the composite and the 

fiber, respectively. 
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(a) 
 

(b) 
 

Figure 4.4 Filament winding process of GF-based CFRPCs with an inner diameter of 

(a) 60 mm and (b) 275 mm  

 

 
 

Figure 4.5 The fiber angle of FW GF-based CFRPCs 

 

Table 4.4 Abbreviation of the specimens, SWCNT contents, and 𝑊  of the cylindrical 

composites according to their inner diameter. 

 

Specimen 

abbreviation 

SWCNT 

content (wt.%) 

Fiber weight percentage 

(𝑾𝒇) 

dinner=60mm dinner=275mm 

GF/epoxy 0 0.38 0.53 

GF/005SWCNT/epoxy 0.05 0.47 0.54 

GF /01SWCNT/epoxy 0.1 0.37 0.55 

 

 

Θ=±550 
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4.2. Instrumentation and Testing 

 

 

4.2.1. Mechanical Characterisation of Composites 

 

 

To determine the impact of nano-sized fillers on the mechanical and 

thermomechanical properties of epoxy and GF-based CFRPCs, a series of mechanical 

tests, such as tensile, single-edge notch bending (SENB) and three-point bending tests for 

NCs, and split-disk, double cantilever beam (DCB) and three-point bending tests for 

CFRPCs were performed. All tests were performed for at least five specimens per each 

batch following the relevant ASTM standards at room temperature and ambient 

conditions. 

 

 

4.2.1.1 Tensile and Spilt-Disk Testsing 

 

 

The tensile tests were carried out for test specimens at a constant crosshead speed 

of 2.0 mm/min up to failure by 100kN Shimadzu AG-IC tester, which is shown in Figure 

4.6 (a). The axial strain and tensile modulus values of the specimens were measured by a 

video extensometer during the tensile test. The dog-bone shaped test specimens were 

prepared following ASTM-D638 standard 236. According to the tensile test results tensile 

strength and modulus of the reference and nano-sized filler incorporated epoxy NCs were 

calculated. 

The split-disk test method was performed for test specimens at ambient conditions 

by using a universal tensile testing machine (100kN Shimadzu AG-IC tester). The split-

disk test for GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy rings with an 

inner diameter of 60 mm is shown in Figure 4.6 (b). Each test specimen was loaded with 

a constant crosshead speed of 5 mm/min. Notched and unnotched [±550]4 composite ring 

specimens were tested under the split-disk test method. Apparent hoop tensile strength 

for unnotched ring specimens and fracture toughness (Mode-I) for notched ring 

specimens were calculated according to ASTM D2290-0ϵ1 and ASTM E399, respectively 
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W=16 mm a=7.5 mm 

237,238. Pipes were drilled in a group with a 4 axis CNC machine, then ring specimens were 

cut from the group with a diamond saw. The dimensions of the cut ring test samples are 

shown in Figure 4.7 (a). To generate notched ring specimens, the notches were opened 

with a rotating diamond saw from the drilled side of the ring specimens, and the notched 

length is shown in Figure 4.7 (b). 

 

  
 

(a) 
 

(b) 
 

Figure 4.6 Images of (a) The tensile and (b) Split-disk tests 

 

 
 

 

 

(a) (b) 
 

Figure 4.7 Schematic illustration of the ring specimens for (a) Unnotched and (b) 

Notched split-disk tests 

 

Apparent Hoop tensile strength was calculated for each batch of at least five 

specimens from the formula given below; 

B=2 mm B=2 mm 
D=9 mm D=9 mm 
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𝜎 = 𝑃 𝑊⁄                                                  (4.2)          

Where; 𝜎  is the ultimate tensile strength in MPa, 𝑃  is the maximum load in N, 

W is the width in mm, and B is the thickness in mm. 

 

 

4.2.1.2 SENB Test 

 

 

For measuring the Mode I fracture toughness of NCs, the SENB test was carried 

out for each specimen by a 5kN Shimadzu AGS-X tester. The test specimens were 

produced according to ASTM-D 5045 standard 239. A 3 mm notch was opened via a 

rotating diamond saw and then a 1.5 mm pre-crack was generated with a razor blade to 

generate a very sharp pre-crack and prevent residual stress around the crack tip. The 

equations shown below were used for calculating the toughness parameters. 

 = ( 𝑄𝐵𝑊 ) 𝑤⁄                                                (4.3) 

 

𝑊 = + 𝑊⁄( − 𝑊⁄ ) .5 [  
  . + . 𝑊 −. 𝑊 + . 𝑊 −

𝑊 ]  
  ⁄                    (4.4) 

 

In Equations 4.3 and 4.4;  is the fracture toughness in MPa.m1/2, 𝑃  is the load 

in kN,  is the thickness of the specimen in mm, 𝑤 is the width of the specimen in mm, 

and  is the crack length in mm. 

 

 

4.2.1.3 Three-point Bending Tests 

 

 

Three-point bending tests were performed for the calculation of the flexural 

properties and interlaminar shear strength (ILSS) of the composites. The flexural 
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properties of the neat epoxy and xTEGO/epoxy nanocomposites, and reference 

GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy composites cut from the 

pipe with an inner diameter of 60 and 275 mm were studied. Figure 4.8 illustrates the 

flexural test of xTEGO/epoxy and GF/xSWCNT/epoxy composites, and the short beam 

shear (SBS) test of GF/xSWCNT/epoxy composites. A support span-to-depth ratio for all 

composites were 32:1. The rate of crosshead motion was calculated according to ASTM 

D 790-03 240. The SBS test was performed for ILSS behavior of GF/epoxy, 

GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy composites cut from the pipe with an 

inner diameter of 60 and 275 mm. SBS test specimens were prepared in an accordance 

with ASTM D 2344 241. Three-point bending tests were accomplished by a 5kN Shimadzu 

AGS-X tester for each specimen. Flexural strength (𝜎 ) and modulus (∈ )  were 

calculated with the equations (4.5) and (4.6) given below; 

 𝜎 = 𝑃 ⁄                                                    (4.5) 

 ∈ = ⁄                                                      (4.6) 

 

Where; 𝑃 is the applied load (N),  is the support span length (mm),  is the width 

(mm),  is the thickness (mm), and  is the deflection (mm). 

 

 
 

(a) 
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(b) 
 

(c) 
 

Figure 4.8 Images of the flexural test of (a) xTEGO/epoxy and (b) 

GF/xSWCNT/epoxy composites, and (c) the SBS test of GF/xSWCNT/epoxy 

composites 

 

The short beam strength (Fsbs) for reference GF/epoxy and GF/xSWCNT/epoxy 

pipes with an inner diameter of 60 and 275mm was calculated according to the equation 

below; 

 = .  × 𝑚 ×ℎ                                               (4.7) 

 

Where Pm is the maximum load (N), b is the width (mm), and h is the thickness 

(mm).  

 

 

4.2.1.4  Mode-I Interlaminar Fracture Toughness Test 

 

 

The Mode I interlaminar fracture toughness ( 𝐼 ) of the GF-based CFRPCs with 

an inner diameter of 275 mm was carried out by a double cantilever beam (DCB) test. 

Test specimens were cut from the pipe with an inner diameter of 275 mm via a diamond 

saw from both transverse and longitudinal directions, which are shown in Figure 4.9 (a). 

The dimensions of the longitudinal and transverse DCB specimens are shown in Figure 

4.9 (b) and (c), respectively. All specimens were =   mm in length, =  mm in  
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width, and ℎ =  mm in thickness. Also, the crack length of the specimens was =  

mm. The aluminum loading blocks were bonded to sanded outer surfaces of the 

specimens -where the initial crack starts- with a polyurethane-based adhesive (Denlaks 

Pu 99). Curing of the epoxy-based adhesive was accomplished for 24 hours at room 

temperature and followed with a post-curing at 600C in an oven for 2 hours. Before 

testing, the edges of the samples were painted with a white dye after the initial crack and 

marked with 1 mm intervals to record the progress of the crack. DCB tests were 

performed by 5kN Shimadzu AGS-X tester for at least 5 specimens for each batch, 

according to ASTM D5528-01 standard 242. The crosshead speed was 2 mm/min. After 

allowing 5 mm crack formation, specimens were unloaded. Then, the specimens were 

loaded until the crack propagation was completed. The Mode-I critical energy release rate 

( 𝐼) can be determined experimentally by (1) modified beam theory (MBT), (2) 

compliance calibration (CC), and (3) modified compliance calibration (MCC). Among 

these three reduction methods to calculate interlaminar fracture toughness, MBT is 

recommended due to its conservative values. Consequently, for this study the energy 

release rate ( 𝐼) of DCB test specimens was calculated from the MBT data reduction 

method given as follows; 

 

𝐼 = 𝐹 𝛿+|∆|                                                     (4.8) 

 

Where 𝑃 is the applied load, 𝛿 is the load point displacement,  is the specimen 

width,  is the delamination length, and ∆ is a value that can be determined experimentally 

by generating a least-squares plot of the cube root of the compliance ( /  as a function 

of delamination length. Compliance (  is a ratio of the load point displacement to the 

applied load (𝛿 𝑃⁄ ).  and  are the correction parameters according to the large 

displacement and end block corrections. These correction parameters were calculated 

with the equations (4.9) and (4.10) as follows; 

 = − 𝛿 − 𝛿
                                       (4.9) 

 = − ′ − [ − ′ ] 𝛿 − 𝛿
                     (4.10) 
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Where 𝑡, ′, and ℎ/  were shown in Figure 4.10. Mode I interlaminar fracture 

toughness ( 𝐼 ) was calculated and the R-curve was drowned as a function to characterize 

the initiation and prorogation of delamination. At the first stage of the DCB loading, 

samples were loaded till 5mm delamination length was read on the samples and the 𝐼  

initiation ( 𝐼 ,𝑖 𝑖) was calculated for the first created crack. After that, the sample is 

unloaded, and it followed by DCB loading again. The 𝐼  propagation ( 𝐼 , ) was 

calculated for the first created crack at this stage. Also, the maximum 𝐼  ( 𝐼 , 𝑥) value 

was taken as the maximum 𝐼   value of the samples. 

 

 
(a) 

 

  
 

(b) (c) 
 

Figure 4.9 Schematically illustrations of (a) Cylindrical composite with an inner 

diameter of 275 mm, (b) Longitudinal DCB test specimen with a fiber direction of 

[±550]2 and (c) Transverse DCB test specimen with a fiber direction of [350]2 
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Figure 4.10 Schematic representation of DCB test specimen 

 

 
 

4.2.2. Scanning Electron Microscopy (SEM) Analysis and 

Thermomechanical Tests 

 

 

Scanning electron microscopy (SEM) images were taken for fractured surfaces of 

the composites to determine the failure modes and evaluate the delamination and 

toughening mechanisms. The specimens were coated with a thin gold layer using a 

sputter-coating for 90 seconds and examined under a Quanta 250FEG SEM at various 

magnifications. 

The dynamic mechanical analysis (DMA) of the composites was carried out for 

composites using TA™ Q800 equipment in dual cantilever mode. At least three test 

specimens were produced and tested according to the ASTM D4065-01 standard 243. 
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During the DMA test, a dynamic force was applied to the specimens at a frequency of 1 

Hz in a three-point bending mode. The temperature range was 200C to 2500C, with a ramp 

of 30C/min. The accurate glass transition temperature (𝑇 ) of composites was taken as the 

temperature at the maximum peak of the tanδ vs temperature curve. DMA specimens for 

GF-based composites were cut from pipes with an inner diameter of 275 mm. Test 

specimens were cut with a diamond saw from both transverse and longitudinal directions 

(Figure 4.11).  

 

  
 

(a) 
 

(b) 
 

Figure 4.11 The transverse and longitudinal specimens (a) illustrated on the 

cylindrical composite and (b) curvature illustrations of the samples for DMA samples. 

 

 

4.2.3. Rheological Characterizations and Contact Angle Measurements 

 

 

The rheological behaviors of reference and SWCNT incorporated epoxy 

suspensions prepared as described in the title of 4.1.2 were measured by an oscillatory 

rheometer (TA InstrumentsTM) with a 25 mm parallel plate geometry and 0.5 mm sample 

gap. The oscillating experiments were performed at 250C for reference and SWCNT 

(0.0125, 0.025, 0.05, 0.1, 0.3 and 0.5 wt.%) incorporated suspensions. Pre-shear was 

implemented at 1 s-1 for 30 seconds. Three repeats were carried out for each sample of 

measurements at varying shear rates, which are between 0.005 and 1000 s-1. Also, the 

rheological properties of reference and SWCNT (0.05 and 0.1 wt.%) incorporated 

Longitudinal                Transverse 
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suspensions at temperatures between 25-1200C were measured while a constant shear rate 

(100 s-1) was applied for at least three repeats of all suspensions.  

An optic tensiometer (Biolin Scientific Attension Theta) was used to measure the 

contact angle values according to the pendant drop method. The wettability behavior of 

fiber depending on SWCNT incorporation within the epoxy was determined. Reference 

and SWCNT (0.1 wt.%) incorporated suspensions prepared as described in the title of 

4.1.2 were dropped on GF by a micropipette with a 5 µm in volume, and the volumetric 

change in the drop was monitored for 200 seconds. The measurements were carried out 

at least three times for all suspensions. 
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CHAPTER 5  
 

 

RESULTS AND DISCUSSION 

 

 

5.1. Effects of Nano-Sized Fillers on the Tensile Properties of Epoxy 

 

 

Tensile properties of dog-bone test specimens subjected to unidirectional force 

were examined with the load-displacement curves obtained from the computer, which 

were converted to the stress-strain curves. Corresponding with the stress-strain curves 

and fracture behavior of the NCs the certain material properties and morphology of the 

samples were determined and discussed. 

Figure 5.1, Figure 5.4, and Figure 5.7 show the stress-strain curves of SWCNT, 

TEGO, and HNT incorporated epoxy NCs, respectively. With an overview of the stress-

strain curves, while neat epoxy showed brittleness, the incorporation of stiff nanofillers 

(SWCNT and HNT) improved the strength of the epoxy. However, since TEGO 

incorporated epoxy nanocomposites failed before the neat epoxy composites, the 

incorporation of TEGO decreased the strength of the epoxy. The morphological structure 

of the NCs after the tensile test was examined with the SEM, and shown in Figure 5.2, 

Figure 5.3, Figure 5.5, Figure 5.6, and Figure 5.8. Based on the tensile test results, 

toughness (area under the stress-strain curve), elastic modulus, ultimate tensile strength 

(UTS), and strain at failure values were also calculated from the results obtained from the 

stress-strain curves and these results were given in Table 5.1 with the abbreviations of 

NCs.  

Figure 5.1 shows the stress-strain curves of neat and SWCNT incorporated epoxy 

NCs. The tensile test results revealed that epoxy-based NCs exhibit higher strain at 

failure, strength, and toughness values due to the incorporation of SWCNT at low 

concentrations (0.0125, 0.025, and 0.05 wt.%). 0.0125, 0.025, and 0.05 wt.% SWCNT 

incorporated epoxy NCs have large deformation before failure when compared to the neat 

epoxy, which showed a brittle fracture behavior. Young’s modulus was effectively 

enhanced with the incorporation of SWCNT. On the other hand, the strength was 
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increased from 76.14±2.55 MPa to a maximum value of 87.39±5.34 MPa with the 

incorporation of 0.025 wt.% SWCNT, which corresponds to a 15% increase. The 

incorporation of the stiff nano-sized filler at high concentrations reduced the strain at 

failure because the epoxy became more rigid. However, strain at failure increased from 

0.029±0.002 mm/mm to 0.063±0.006 mm/mm, and 0.047±0.014 mm/mm with the 

incorporation of SWCNT at 0.0125, and 0.025 wt.%, respectively. It was also observed 

that the calculated toughness values from the area under the stress-strain curves increased 

maximum by about 211% for 00125SWCNT/epoxy and decreased for NCs with high 

concentrations of SWCNT (above 0.05 wt.%). NCs containing SWCNT at low 

concentrations (0.0125, 0.025, and 0.05 wt.%) absorb great energy before the failure. This 

relates to how tough the NC is. 
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Figure 5.1 The stress-strain curve of neat and SWCNT incorporated epoxy 

nanocomposites 

 

The improvement of the tensile test properties obtained through this study is more 

significant compared to those reported in the literature 31,52,68,136. In summary, while the 

incorporation of SWCNT at low concentrations increased the ductility of the epoxy, it 

also significantly improved the tensile properties. This translates to the better dispersion 

enhanced by the incorporation of SWCNT at low concentrations within the epoxy resin 
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together with better interfacial interaction between the matrix and SWCNT and 

consequently resulted in a good load transfer from the matrix to the nano-sized filler. But 

tensile properties decreased at high concentrations of SWCNT (above 0.05 wt.%), due to 

the agglomeration tendency of CNTs. The CNT clusters also can cause microscopic 

defects (voids, microcracks, etc.) and promote the formation of micro-cracks during 

tensile loading.   

SEM images of the fractured surfaces of the neat epoxy and SWCNT incorporated 

epoxy NCs after the tensile test are shown in Figure 5.2. The neat epoxy showed a 

relatively smooth fracture surface, which indicated a typical brittle fracture behavior with 

no clear plastic deformation (Figure 5.2 (a)). The roughness of fractured surfaces was 

increased with the incorporation of stiff SWCNT, especially for NCs containing SWCNT 

at low content (0.0125 and 0.025 wt.% SWCNT) (Figure 5.2 (b) and (c)). The roughness 

resulted in a delay of the crack propagation encountering the SWNCTs, which enhance 

the toughness of the epoxy by debonding mechanisms. However, surface roughness 

decreased for 01SWCNT/epoxy, 0.3 SWCNT/epoxy, and 0.5 SWCNT/epoxy NCs and 

the content of micro-voids (about 0.5 µm in size) also increased at the same time (Figure 

5.2 (e), (f) and (g)). This is due to the difficulty in getting rid of the bubbles during 

degassing depending on the high viscosity of the suspension. 

 

 
(a) 

 
(b) 
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(c) 

 

 
(d) 

 
(e) 

 

 
(f) 

 
 

(g) 
 

Figure 5.2 SEM images of the fractured surface of (a) Neat epoxy, (b) 

00125SWCNT/epoxy, (c) 0025SWCNT/epoxy, (d) 005SWCNT/epoxy, (e) 

01SWCNT/epoxy, (f) 03SWCNT/epoxy, and (g) 05SWCNT/epoxy NCs after the 

tensile test 
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SWCNT-rich regions on the fractured surfaced were examined under SEM at 

higher magnifications. Figure 5.3 shows the SEM images of the fractured surface of 

0025SWCNT/epoxy nanocomposite, which showed a higher tensile property among the 

other SWCNT reinforced epoxy NCs at 25000x and 100000x magnifications after the 

tensile test. The distribution of SWCNT within the epoxy seems quite homogeneous in 

Figure 5.3 (a). Figure 5.3 (b) and (c) focused on the fiber-bridging mechanism, which 

delays the crack propagation during the tensile test. The roughness of the fractured 

surfaces observed in the SEM images resulted in a delay of the crack propagation 

encountering with SWCNTs. Improvement of the roughness and plastic deformation of 

NC can be defined by the “fiber-bridging” mechanism is seen that reveals a strong  

 

 
(a) 

 
(b) 

 

 
(c) 

 
(d) 

 

Figure 5.3 SEM images of the fractured surface of 0025SWCNT/epoxy NC at (a), and 

(b) 25000x and (c), and (d) 100000x magnifications after the tensile test 
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interfacial interaction between SWCNT and epoxy 108. Also, Figure 5.3 (d) shows the 

small agglomerates and SWCNT pulled-out from the epoxy during the crack propagation. 

However, the agglomerates are below the micrometers in the size. 

Based on the tensile test of results shown in Figure 5.4, the tensile strength, and 

strain at failure values were decreased; however, the modulus of elasticity values was 

slightly increased due to the incorporation of TEGO. The improvement of the modulus is 

shown as the slope of the stress-strain curve in the upper left corner of Figure 5.4. The 

Young’s modulus of NCs at low contents of TEGO (0.05 and 0.1 wt.%) was not 

significantly changed when compared to the neat epoxy system (Table 5.1). However, 

while Young’s modulus showed a prominent increase for 015TEGO/epoxy NCs, the 

improvement was diminished for 03TEGO/epoxy nanocomposites. For 015TEGO/epoxy 

NCs, the average elastic modulus improved by about 15 %. According to the SEM images 

of as-received TEGO, TEGO has a wrinkled structure, which induces the extension and 

rotation of the graphene sheets along the applied tensile direction. As a result of this, 

graphene limited the tensile modulus improvement 61. Tensile strength showed a decline 

with the incorporation of TEGO within the epoxy, which is typical behavior for graphene  
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Figure 5.4 The stress-strain curves of neat and TEGO incorporated epoxy NCs 
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reinforced rigid matrix in the literature 244. Matrix stiffness is important for the addition 

of layered additives. GNP generally improves the tensile strength of the ductile matrix, 

but once they are incorporated within a rigid matrix (e.g. epoxy), it usually decreases the 

tensile strength 245 as in this study. The drop in the strength of the NCs may be related to 

the weak load transfer from the epoxy to GNPs as a result of the weak interfacial 

interaction between the filler and matrix. The other reason can be because of the 

agglomeration formation according to Van der Waals forces. Agglomerates act as a stress 

concentrator and induce slipping between the sheets during tensile loading 61. 

SEM images of the fractured tensile surfaces of the neat epoxy and TEGO 

incorporated epoxy NCs at 250x magnification is presented in Figure 5.5. As shown in 

Figure 5.5 (b), (c), (d), and (e), the roughness of the fractured surface was increased with 

increasing contents of TEGO, especially for 015TEGO/epoxy, and 03TEGO/epoxy NCs.  

Figure 5.6 presents the fractured surface of 01TEGO/epoxy NC, where the break 

occurred, at higher magnifications. Since the graphene layers seem parallel to the 

fractured surfaces, slipping between the clustered graphene layers with weak bonds 

between them may have occurred during the tensile loading (Figure 5.6 (a)). Peeled-off 

thick graphene layers can be seen in Figure 5.6 (b). This is proof of the crack that 

underwent tilt and twisting when it encountered the stiff graphene layers. So, during the 

crack propagation, GNP pulled off from the epoxy. On the other hand, thick graphene 

layers are shown in Figure 5.6 (b) completely wetted by the epoxy. 

Figure 5.7 demonstrates the stress-strain curve of the neat epoxy and 

05HNT/epoxy NC. According to the tensile test results, the strength, strain at failure, and 

toughness of epoxy NCs were improved with the incorporation of HNT. Enhancement of 

the tensile properties refers to their effectiveness according to their large aspect ratio 116. 

However, while tensile strength was slightly improved by about %4, Young’s modulus 

was slightly decreased with the incorporation of HNT within the epoxy. This can be the 

result of the potential presence of HNT aggregates within the epoxy. Calculated area-

under stress-strain curves for toughness properties of neat epoxy and 05HNT/epoxy NC 

were increased by 35% with the incorporation of 0.5 wt.% HNT within the epoxy. The 

improvement in the toughness relates to the content of silane groups in the halloysite, 

which ensures a good interaction with the matrix. 
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(c) 

 
(d) 

 

 
 

(e) 
 

Figure 5.5 SEM images of the fractured surface of (a) Neat epoxy, (b) 

005TEGO/epoxy, (c) 01TEGO/epoxy, (d), 015TEGO/epoxy and, (e) 03TEG0/epoxy 

NCs at 250 magnification after the tensile test 
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(a) 

 
(b) 

 

Figure 5.6 SEM images of the fractured surface of 01TEGO/epoxy at (a) 1000x, and 

(b) 2500x magnifications 
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Figure 5.7 The stress-strain curve of neat and HNT incorporated epoxy NC 

 

The fractured surface of 05HNT/epoxy NC after the tensile test was shown in 

Figure 5.8 with a typical rough surface when compared to the neat epoxy system. The 

reason for this is the strengthening effect of HNT on the epoxy that is provided to a 

delayed failure. The fracture lines on the fractured surface of 05HNT/epoxy NC created 

a rough fracture surface, which relates to a large surface area, and thereby much higher 
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energy was consumed when compared with neat epoxy 78. Indeed, the area under the 

stress-strain curve showed an enhancement with the incorporation of HNT. Eventually, 

the increment of the resistance to the crack propagation improved the tensile properties 

of 05HNT/epoxy NCs. 

 

 
(a) 

 
(b) 

 

Figure 5.8 SEM images of the fractured surface of (a) Neat epoxy, and (b) 

05HNT/epoxy NC at 250 magnification after the tensile test 

 
 

5.2. Effects of Nano-Sized Fillers on the Fracture Toughness Properties 

of Epoxy 

 

 

The plane-strain fracture toughness 𝐼 ) gives the resistance of a material to 

fracture in the presence of a sharp crack. For plastic materials, 𝐼  is determined with the 

SENB test. Figure 5.9 illustrates a comparison between the Mode I fracture toughness 

values calculated from the SENB test results of SWCNT, TEGO, and HNT incorporated 

epoxy NCs and neat epoxy. The average fracture toughness value was measured as 

1.04±0.09 MPa.m1/2 for the neat epoxy. Maximum improvement on fracture toughness of 

epoxy was obtained for NCs reinforced with SWCNT and HNT as +182% and +208%, 

respectively. However, TEGO incorporation has less effect on fracture toughness of 

epoxy (about +60%).  
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Table 5.1 Tensile properties, calculated toughness, and abbreviations of nanocomposites 
 

Filler 

type 

Filler content 

(wt.%) 

Ultimate Tensile 

Strength (MPa) 

Strain at Failure 

(mm/mm) 

Area Under Stress-

Strain curve (J/m) 

Young’s 

Modulus (MPa) 
Abbreviation of NCs 

Neat - 76.14±2.55 0.029±0.002 1.30±0.15 3.54±0.12 Neat epoxy 

SWC

NT 

0.0125 82.82±2.45 0.063±0.006 4.04±0.59 3.53±0.16 00125SWCNT/epoxy 

0.025 87.39±5.34 0.047±0.014 2.85±1.18 3.93±0.37 0025SWCNT/epoxy 

0.05 77.89±4.97 0.035±0.004 1.68±0.38 3.60±0.42 005SWCNT/epoxy 

0.1 50.04±9.12 0.025±0.015 0.50±0.12 3.56±0.16 01SWCNT/epoxy 

0.3 30.16±4.78 0.012±0.003 0.24±0.13 3.64±0.42 03WCNT/epoxy 

0.5 28.51±5.12 0.008±0.002 0.14±0.77 3.69±0.66 05SWCNT/epoxy 

TEGO 

0.05 53.85±6.42 0.016±0.003 0.52±0.16 3.40±0.24 005TEGO/epoxy 

0.1 47.26±7.18 0.014±0.003 0.40±0.11 3.47±0.03 01TEGO/epoxy 

0.15 51.99±1.14 0.015±0.003 0.51±0.44 3.89±0.35 015TEGO/epoxy 

0.3 52.87±3.71 0.016±0.001 0.52±0.83 3.37±0.37 03TEGO/epoxy 

HNT 0.5 79.38±7.71 0.034±0.007 1.75±0.58 3.20±0.10 05HNT/epoxy 
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The Mode I plane strain fracture toughness was improved from 1.04±0.09 

MPa.m1/2 to 2.93±0.58 MPa.m1/2, 2.92±0.27 MPa.m1/2, and 3.20 ±0.31 MPa.m1/2 for 

0025SWCNT/epoxy, 005SWCNT/epoxy, and 05HNT/epoxy NCs, respectively. This 

increment of the fracture toughness is based on the bridging and crack front pinning 

mechanisms. Since, CNTs and HNTs are fiber-like structures, the effect of these fillers 

on the fracture mechanism of the epoxy NCs can be understood by the classical models 

(a micro-mechanical mechanism) 31,103,246. If there is a strong interfacial interaction 

between the epoxy matrix and CNT or HNT, the crack prorogation can be delayed by the 

fibers. During the fracture of fibrous reinforced epoxy composites; crack pinning, crack 

deflection, crack bridging, fiber debonding, and fiber pull-out are responsible for the 

fracture mechanism. At high concentrations of SWCNT, toughness was reduced by the 

ineffective fabrications of NCs (because of the possible agglomeration of SWCNTs, and 

the inability to remove the voids due to high viscosity). But NCs at high SWCNT content 

have never reached the lowest fracture toughness levels of the neat epoxy. It means that 

agglomeration of SWCNT resembled micro-sized rigid particles which can cause crack 

deflection and twist during the crack propagation. However, these micro-sized SWCNT 

agglomerates have a more limited effect on cracking and fracture energy. Also, according 

to the calculated area under stress-strain results for 0.0125 wt.% SWCNT incorporated 

epoxy NC, the energy absorbed to fracture increased up to 213%. That is to say, the 

calculated fracture toughness results verified with the calculated toughness values from 

the stress-strain curve. Also, it is important to point out that the enhancement of the 

toughness values of SWCNT reinforced epoxy NCs is greater than those values reported 

in the literature 31,52,68,103,136,247,248. 

The incorporation of TEGO within the epoxy results in a significant improvement 

in the fracture toughness of NCs. The maximum improvement of the fracture toughness 

reached 1.66±0.31 MPa.m1/2 for 015TEGO/epoxy NC. The obtained value is the greatest 

among the results of studies reported in the literature (see Appendix A). TEGO particles 

resembled micro-sized rigid particles, which may cause branching and crack deflection 

during the crack propagation. On the other hand, the fracture toughness value slightly 

decreased at higher contents of TEGO (0.3 wt.%). This trend has been reported in the 

literature and explained that the nano-sized filler content above a certain weight ratio 

leads to a decrease in fracture toughness. This could be due to the ineffective dispersion 

and agglomeration tendency in consequence of Van der Waals forces between graphene 
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sheets of TEGO at high concentrations. However, the decrease in the fracture toughness 

was not reached to the neat epoxy due to the hydroxyl group on the graphene sheets 

induced a covalent bonding between the filler and epoxy 249. 
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Figure 5.9 Effect of the nano-sized filler content on the fracture toughness of the 

epoxy 

 

SEM images of the fractured surfaces of the neat epoxy and NCs reinforced with 

various content of SWCNT, TEGO, and HNT after the SENB test are shown in Figure 

5.10. The part that looks sandy in the SEM images is the notch opened for the SENB test. 

Thus, the crack propagation direction is from bottom to top for SWCNT, and TEGO 

incorporated NCs, left to right for HNT incorporated NCs in SEM images. Neat epoxy 

showed a typical brittle fracture according to their weakness against the crack initiation 

and propagation (Figure 5.10 (a)) 203. As shown in Figure 5. 10 (b), (c), and (d), the 

contribution of rigid filler increased the roughness of the fractured surface. During the 

SENB test, the crack firstly starts to propagate behind the pre-crack, then encounters the 

rigid fillers, and finally crack propagation is delayed. Besides, the formation of rough 

surfaces according to the crack propagation inhibition of NCs during the SENB test. 

Additionally, during the crack propagation energy dissipation also occurs, which leads to 

the fracture mechanism. A river-like structure on the rough fracture surfaces of NCs, 

which are correlated with the formation of the “crack tip blunting”, was formed.  
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(a) 

 

 
(b) 

 
(c) 

 
(d) 

  

 
 

(e) 
 

Figure 5.10 SEM images of the fractured surface of (a) Neat epoxy, (b) 

01SWCNT/epoxy NC, and (c) 03SWCNT/epoxy NC at 250x magnification, (d) 

015TEGO/epoxy NC at 200x magnification and (e) 05HNT/epoxy NC at 250x 

magnification after SENB test 
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On account of a further investigation of the toughness properties of composites, 

the fractured surfaces of composites were also investigated at higher magnification as 

shown in Figure 5.11. While there was a relatively uniform distribution of SWCNT on 

the surface at lower SWCNT content, which was the one that exhibited the highest 

fracture toughness values (Figure 5.11 (a)), an agglomeration of SWCNT occurred at 

higher SWCNT content (Figure 5.11 (b)). However, because Gojny et al. suggested that 

small clusters of nanotubes are favorable 103, it can be said that these clusters of SWCNTs 

also participated in the fracture toughening mechanisms as micro-sized additives. Since 

there was a strong interfacial adhesion between the filler and matrix, pull-outs were not 

 

 
(a) 

 
(b) 

 

 
(c) 

 
(d) 

 

Figure 5.11 SEM images of fractured surface of (a) 005SWCNT/epoxy, (b) 

03SWCNT/epoxy NCs at 50 000x magnification and (c), and (d) 015TEGO/epoxy 

NC at 25 000x magnification after SENB test. 
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observed and SWCNTs were wetted well by the epoxy. The exfoliated layered structures 

of TEGO can be seen on the right side of Figure 5.11 (c). These parallel positioned GNP 

layers to the crack propagation participated in the crack deflection mechanism during the 

crack propagation by inducing the fracture toughness. However, when vertically oriented 

graphene layers to the crack propagation were examined at higher magnifications, the 

little gap between the epoxy matrix and graphene sheets was observed, as illustrated in 

Figure 5.11 (d). This gap could be due to the crack pinning mechanism by vertically 

oriented graphene layers. 

 

 

5.3. Effects of Nano-Sized Fillers on the Flexural Properties of Epoxy 

 

 

The flexural strength and modulus values were determined for the neat epoxy and 

NCs at various contents of TEGO (0.05, 0.1, and 0.15 wt.%) to observe the effect of the 

graphene incorporation on the flexural properties of composites. The flexural strength 

and modulus results are presented in Figure 5.12. According to the results obtained from 

the flexural test, both flexural strength and modulus values were significantly enhanced 

at low content of TEGO (maximum enhancement for 0.05 wt.% TEGO/epoxy 

nanocomposites), but a decline in flexural properties was observed at increasing 

concentrations of TEGO. The flexural strength and modulus values of neat epoxy were 

measured as 124 MPa and 2.5 GPa, respectively. The improvement of the flexural 

strength and modulus values were a maximum of about 26% and 70%, respectively. The 

improvement in the flexural modulus of NCs with the incorporation of rigid TEGO 

associates with restricting the mobility of the polymer chain. It is also noted that the decay 

of the flexural properties due to the high content of TEGO did not go below the flexural 

properties of neat epoxy. The decline of the flexural properties of the NCs at high content 

of graphene associates with the agglomeration tendency of the nano-sized particles, which 

acts as a defect or stress concentration point. These agglomerates resulted in the micro-

defects with a relatively lower surface area that interacts with epoxy and accelerated the 

crack propagation through to forming steric obstacles, which may have led to voids 

between the filler and matrix 250.  
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Figure 5.12 Flexural strength and modulus values of the neat epoxy and TEGO/epoxy 

NCs 

 

 

5.4. Effects of Nano-Sized Fillers on the Rheological Properties of Epoxy 

 

 

The viscosity values of the reference and SWCNT blended epoxy suspensions in 

the presence of hardener and accelerator as a function of shear rate at 250C is given in 

Figure 5.13. The rheological behavior of suspensions at low contents of SWCNT (0.0125 

and 0.025 wt.%) was almost the same with the pure epoxy. The viscosity of suspensions 

highly affected at low and intermediate shear rates with the incorporation of SWCNT, 

especially at higher contents (0.3 and 0.5 wt.%), but the viscosity of these suspensions 

was decreased and reached almost the same viscosity value for the reference suspension 

viscosity at the highest shear rate.  

For the reference suspension, there were two distinct regions; the 1st region (at the 

low shear rate) is the Newtonian region, which is independent of shear rate, and 2nd region 

is shear thinning, which occurred at an increasing shear rate and resulted in a linear 
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decline in viscosity 223. While the Newtonian region was observed for reference 

suspension, it was disappeared for suspensions with increasing SWCNT concentrations 
251. After the Newtonian region, viscosity linearly decreased with increasing shear rate at 

the shear thinning region. SWCNT blended suspensions also showed a shear-thinning 

behavior, according to the viscosity decrease as a function of shear rate- typical behavior 

for a pseudoplastic fluid. While the orientation of nano-sized fillers was provided by the 

shear, an increased shear rate could cause breakage of SWCNT bundles 80.  
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Figure 5.13 The viscosity of the reference and SWCNT blended suspensions 

at increasing shear rate 

 

Also, at low concentrations of SWCNT (0.0125, 0.025, 0.05, and even 0.1 wt.%), 

the flow behaviors of suspensions were nearly the same as compared to those for the 

reference suspension. However, with the incorporation of SWCNT at high concentrations 

(more than 0.1 wt.%), there was a progressive increase in the low shear rate with an 

apparent viscosity. This resulted in difficulty for the removal of the air bubbles from the 

suspension. Consequently, a decrease in the mechanical properties of NCs was taken 

place, due to the presence of micro-voids.  

For the filament winding process, a desirable wet winding of fibers can be 

provided by epoxy viscosities less than about 5.0 Pa.s (preferred about 2.0 Pa.s) at room 

temperature (250C) 252. According to the rheological values of reference and 0.0125, 
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0.025, 0.05, and 0.1 wt.% SWCNT blended suspensions at room temperature (250C), and 

at the low shear rate did not exceed 2.0 Pa.s, which is a suitable viscosity value during 

filament winding for wetting the continuous filaments.  

The viscosity behavior of the reference and SWCNT blended epoxy suspensions, 

which were used in the production of GF-based CFRPCs, as a function of temperature at 

100 1/s shear rate is given in Figure 5.14. The viscosity behavior of the suspensions was 

not significantly affected by the incorporation of SWCNT at increasing temperature. As 

expected, viscosity was decreased with increasing temperature. While the curing of 

composites was completed at 800C for 2 hours, post-curing was completed at 1200C for 

2 hours. As seen in the graphic (Figure 5.14), at 800C viscosity reached its lowest value.  
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Figure 5.14 Temperature dependency of the viscosity of the reference and SWCNT 

blended suspensions at 100 1/s shear rate 

 
 

5.5. Effects of Nano-Sized Fillers on Contact Angle Properties of GF 

 

 

In the filament winding, the process for complete wetting of the continuous fiber is 

a critical issue for enhancing the mechanical properties of resultant FW composites. The 

wettability of the fiber with the epoxy resin can be quantitated with the pendant drop 
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method, which is an appropriate experimental method for measuring the contact angle of 

the liquids on the solid surfaces. The wettability is determined by the degree of spread of 

a liquid on the solid surface and it depends on the interfacial interaction between the liquid 

and the solid surface. The contact angle between the surface of the wetted solid and a line 

tangent to the curved surface of the drop at the point of three-phase contact is measured 

to get information about the interactions between the surfaces 253,254. Complete wetting of 

the fibers requires a good adhesion between the ingredients. So, the mechanical properties 

of the composite material produced by providing a good wettability of GF. 

According to the pendant drop method, the spread of the reference, and 0.1 wt.% 

SWCNT incorporated epoxy suspensions on a single GF surface is shown in Figure 5.15. 

The absorption of the reference, and 0.1 wt.% SWCNT incorporated epoxy suspensions 

were approximately the same. So, the wettability of GF is not affected by the presence of 

SWCNT even at the highest concentration for this study. 

 

 
 

(a) 
 

 
 

(b) 

 

Figure 5.15 (a) Reference suspension and (b) Suspension with 0.1 wt.% SWCNT 

drops on a single GF surface in 1st and 200th seconds at room temperature 
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5.6. Effects of Nano-Sized Fillers on the Apparent Hoop Tensile 

Strength and Mode I Fracture Toughness Properties of GF-based 

Composite Rings 

 

 

Tubular structures are generally used under internal pressure where high hoop 

stresses are developed. The split-disk test is efficient for determining the performance of 

these tubular structures 233.  

The split-disk tests were performed for the composite rings cut from FW 

GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy with an inner diameter of 

60 mm. As illustrated in Figure 5.16, the unnotched and notched composite rings were 

tested under the tensile force to calculate the hoop tensile strength. While for unnotched 

composite rings both strength and strain increased with the incorporation of SWCNT, for 

notched composite rings the strength was improved with the incorporation of SWCNT, 

but the strain was not affected significantly. According to the strength obtained from the 

split-disk test, the apparent hoop tensile strength and Mode I fracture toughness with their 
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Figure 5.16 The apparent hoop tensile strength of the unnotched and notched FW 

GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy composite rings 
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standard deviations were calculated and the results are given in Figure 5.17. The apparent 

hoop tensile strength and Mode I fracture toughness were calculated for GF/epoxy ring 

as 282.80±29.60 MPa and 273.78±52.83 MPa.m1/2, respectively. While the tensile 

strength was improved by about 16% with the incorporation of 0.1 wt.% SWCNT, the 

Mode I fracture toughness was increased by about 36% at the same SWCNT 

concentration. 
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Figure 5.17 (a) The apparent hoop tensile strength, and (b) Mode I fracture toughness 

of the composite ring specimens as a function of SWCNT concentration 
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SWCNT participated more in the fracture mechanism of the epoxy than of 

GF/epoxy since GF and SWCNT both participate in the fracture mechanism of SWCNT 

incorporated GF-based epoxy composites. Thus, fracture toughness mechanisms were 

enhanced by both micro-and nano-sized fillers. As known, the fracture toughness strongly 

depends on how to crack propagation occurs, and it is defined with mechanisms. 

Figure 5.18 shows the fractured surface of GF/epoxy, and GF/01SWCNT/epoxy 

composite rings after the split-disk test. Since the toughness of the epoxy matrix was 

enhanced with the incorporation of SWCNT, delamination, which is the matrix failure, 

was dominant for GF/epoxy composites. Therefore, GF debonding and pull-out failure 

from the matrix has been seen on the fractured surface of GF/epoxy composites (Figure 

5.18 (a)). Furthermore, the propagation of the crack was smoother for GF/epoxy (Figure 

5.18 (a)) than for GF/01SWNCT/epoxy composites (Figure 5.18 (b)). This is due to the 

improvement of the fracture toughness with the incorporation of SWCNT within the 

epoxy matrix by the fracture toughness mechanisms.  

 

 

Figure 5.18 SEM images of the fractured surfaces of (a) GF/epoxy, and (b) 

GF/01SWCNT/epoxy composites after the split-disk test at 100x magnification 

 

Figure 5.19 presents the SEM images of the fractured surfaces of SWCNT 

reinforced composite rings after the split-disk test at higher magnifications.  The micro-

sized GF and nano-sized SWCNT embedded in epoxy can be seen in Figure 5.19 (a). The 

contribution of SWCNT to the fracture toughness by the fiber-bridging mechanisms can 

be also seen in Figure 5.19 (b). This explains the reason for the less delamination occurred 

in the GF/01SWCNT/epoxy composites. 
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Figure 5.19 SEM images of a fractured surface of GF/01SWCNT/epoxy composites 

after the split-disk test at (a) 2000x and (b) 10000x magnifications 

 

 

5.7. Effects of Nano-Sized Fillers on Flexural and ILSS Properties of 

GF-based CFRPCs 

 

 

Three-point bending tests were performed to determine the flexural and ILSS 

properties of cylindrical GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy 

composites with an inner diameter of 60 mm and 275 mm. Figure 5.20 shows the force 

vs displacement curves of GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy 

composite samples with an inner diameter of 60 and 275mm under three-point bending 

loading. While the load was improved from 0.395 kN to 0.577 kN with 0.05 wt.% 

SWCNT incorporation for CFRPCs with 60 mm inner diameter (Figure 5.20 (a)), the load 

was enhanced from 0.795 kN to 2.209 kN with 0.1 wt% SWCNT incorporation for 

CFRPCs with 275 mm inner diameter (Figure 5.20 (b)). The slope of the load vs 

displacement curves for both types of CFRPCs was increased with increasing 

concentration of SWCNT as a consequence of the resistance to crack propagation 

enhancement by SWCNT. Besides, Figure 5.21 shows SWCNT improved the calculated 

flexural strength of CFRPCs with 60 and 275mm inner diameter. While the maximum 

improvements were obtained as 16% and 37% for 0.1 wt.% SWCNT incorporated 

CFRPCs with an inner diameter of 60 and 275mm, respectively. 
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Figure 5.20 Load vs displacement curves of GF/epoxy, GF/005SWCNT/epoxy, and 

GF/01SWCNT/epoxy composites with an inner diameter of (a) 60, and (b) 275 mm. 
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Figure 5.21 The flexural strength of CFRPCs with an inner diameter of 60 and 

275mm as a function of SWCNT content 

 

The interlaminar shear failure was observed for the curved GF/epoxy, 

GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy composite samples with an inner 

diameter of 60 and 275mm. In addition to the interlaminar shear failure, other damages 

can be observed during the SBS test. However, ILSS can be calculated correctly when 

only interlaminar shear failure is obtained. According to Fan et al., pure interlaminar shear 

failure is obtained when firstly the load is increased due to the linear elastic behavior of 

composites, and then load dropped dramatically because interlayer delamination occurred 

at the 1st layer of the composites 155. The SBS test determines the ability of the fiber-based 

composites to resist delamination. For the long-term usage of the fiber-based composites 

improvement of delamination is an important issue. Thus, the results of the SBS test 

provide valuable information on the response of the composite samples under the Mod-I 

loading. 
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According to the three-point bending test, the short beam strength was calculated 

for GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy composites and 

illustrated in Figure 5.22. When the short beam strength was improved a maximum value 

of 21% with the incorporation of 0.05 wt.% SWCNT for composite with 60 mm inner 

diameter, the improvement of strength was 22% with the incorporation of 0.05 wt.% 

SWCNT for composite with 275 mm inner diameter. The strength was slightly decreased 

for GF/01SWCNT/epoxy when compared to GF/005SWCNT/epoxy for both types of 

CFRPCs. However, the reduction of the strength was not exceeded below the value of 

GF/epoxy composites. 
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Figure 5.22 Short beam strength of the curved composites with an inner diameter of 

60 and 275mm as a function of SWCNT content 

 

Figure 5.23 represents the fractured surfaces of GF/epoxy and 

GF/005SWCNT/epoxy composites after the SBS test. The interlayer delamination, which 

occurred during the crack propagation between two layers, was a more predominant 

mechanism for the GF/epoxy (Figure 5.23 (a)) than for the GF/005SWCNT/epoxy 
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(Figure 5.23 (c)), the lower short beam strength values were obtained for reference 

composites. Besides, during the crack propagation, the crack jumped to a neighboring 

interface with the existence of SWCNT, as shown in Figure 5.23 (b). This is due to the 

resistance to the interlayer delamination of larger areas that were offered by SWCNT.  

  

 
 

(a) 
 

 
(b) 

 
(c) 

 

Figure 5.23 SEM images of (a) GF/epoxy at 250x magnification and 

GF/005SWCNT/epoxy composites at (b) 100x, and (b) 250x magnification after the 

SBS test 

 

When the ILSS results achieved from this study compared with the literature 

studies that used the toughening of the epoxy system with nano-sized filler incorporation 

for the production of fiber by filament winding technique, the ILSS improvement for this 

study was higher than the reported in the literature 168,255. These studies in the literature 

were used CF as a micro-sized reinforcement, and ILSS properties improvement of GF-
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based CFRPCs with CNT incorporation has not been reported yet. However, the study of 

Zhang et al. obtained a 28% improvement on the ILSS of FW CF-based CFRPCs with 

the incorporation of 6 wt.% MWCNT-NH2 
159. The reason for this higher efficiency 

reported in literature could be the usage of the large amount of CNT. Nevertheless, in this 

study, unlike the other studies in the literature, an increase of 22% was obtained by using 

SWCNT incorporated epoxy resin only in the last layer of CFRPCs. 

 

 

5.8. Effects of Nano-Sized Fillers on the Thermomechanical Properties 

of GF-based CFRPCs 

 

 

The glass transition temperature (𝑇 ,) of the transverse and longitudinal samples 

cut from cylindrical GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy 

composites with an inner diameter of 275 mm determined according to the temperature 

at maximum Tanδ value was presented in Table 5.2. While 𝑇  values were slightly 

increased with the incorporation of SWCNT, 𝑇  is not affected by the fiber direction 

remarkably.  

 

Table 5.2 Glass transition temperature (𝑇 ,) values of CFRPC specimens  

 
Cutting direction of the 

sample 
Sample name 

Glass Transition Temperature 

(𝑇 , 0C) 

Longitudinal 

GF/epoxy 147.94 

GF/005SWCNT/epoxy 150.57 

GF/01SWCNT/epoxy 152.16 

Transverse 

GF/epoxy 147.76 

GF/005SWCNT/epoxy 150.31 

GF/01SWCNT/epoxy 151.97 

 

Figure 5.24 shows the storage and loss modulus values at 𝑇  of GF/epoxy, 

GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy composites of both transverse and 

longitudinal directions. While the storage modulus measures the elastic response of the 
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composite, the loss modulus measures the viscous response of the composite, which gives 

the energy dissipated as heat. For both composite samples cut in two different directions 

(longitudinal and transverse), the storage modulus was increased with the incorporation 

of 0.05 wt.% SWCNT. However, the storage modulus was decreased with the 

incorporation of 0.1 wt.% SWCNT. The elastic response was more remarkable for the 

transverse composite samples than the longitudinal composite samples. Three-point 

bending tests for the transverse samples were consistent with the storage modulus. 
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Figure 5.24 Storage and loss modulus of both longitudinal and transverse 

CFRPC test specimens 

 
Due to the loss modulus measures the vibrational energy, it is sensitive to the 

mobility of the polymer chain. The addition of nanoparticles within the polymer restricts 

the motion of the polymer chain by increasing 𝑇 . This trend can be explained by the 

energy losses caused by the friction between the epoxy and SWCNT through vibrational 

energy. The incorporation of 0.05 wt.% SWCNT within the matrix increased both 

flexibility and viscosity of the FRCs for either direction. Accordingly, more energy was 

needed for the friction between epoxy and SWCNT. However, GF/01SWCNT/epoxy 
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composites needed less energy for the dispersion of mechanical energy by the frictional 

forces. 

Tanδ peaks were calculated from the ratio of the loss and storage modulus and it 

represents the damping factor of the composites. Figure 5.25 illustrates the Tanδ values 

of GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy composites in both 

directions. The mechanical damping efficiency increased with increasing SWCNT 

content. For reference samples energy dissipation through the GF and epoxy interface 

was poor, but energy dissipation increased with the addition of 0.5 wt.% SWCNT. During 

thermal cycling, micro-cracking is initiated and grew at the interface between the fiber 

and matrix. The flexibility of the polymer influences the microcrack density and 𝑇  of 

the composites. Due to the restriction of polymer chain motion with the addition of 

SWCNT, the microcrack density and 𝑇  of GF/epoxy composites decreased and 

increased, respectively.  
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Figure 5.25 Tanδ peak values of both longitudinal and transverse CFRPC samples 
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5.9. Effects of Nano-Sized Fillers on the Mode-I Interlaminar Fracture 

Toughness of GF-based CFRPCs 

 

 

The average load-displacement curves of the longitudinal and transverse DCB test 

specimens cut from the cylindrical GF/epoxy, GF/005SWCNT/epoxy, and 

GF/01SWCNT/epoxy with an inner diameter of 275 mm under the Mode I loading are 

shown in Figure 5.26 and Figure 5.27, respectively. The maximum loads have been 

achieved for GF/005SWCNT/epoxy composite samples in both transverse and 

longitudinal directions. The fiber-bridging effect during the Mode I loading of the DCB 

samples is shown in Figure 5.28 for the transverse and longitudinal specimens. While the 

crack propagation could be observed between the two adjacent layers properly for 

transverse specimens (Figure 5.28), the crack did not propagate after the pre-crack for 

long-GF/xSWCNT/epoxy specimens (Figure 5.29). 

As shown in Figure 5.26 and Figure 5.27, there are two stages in the load-

displacement curves; in the 1st stage, the load increased linearly with an increasing 

displacement until the crack progressed and it followed by a decrease in the initial slope, 

and in the 2nd stage, the load increased non-linearly with an increased displacement with 

the bridging effects of the fibers. In the 2nd stage, the bridging effects caused stick-slip 

behavior, which is known as resistance to crack propagation, is slightly observed for GF-

based composites.  

In the first stage, the load increased nearly linear and the incorporation of SWCNT 

decreased the initial slope for both transverse and longitudinal CFRPC specimens. In the 

second stage, the crack propagated while nonlinear behavior was observed, this is where 

stick-slip behavior was observed. The stick-slip behavior became more dominant with the 

incorporation of SWCNT, especially at 0.05 wt.% concentration. The fiber-bridging 

effect based on the stick-slip can be seen in Figure 5.28 (a) and Figure 5.28 (b) for trans- 

and long- GF/005SWCNT/epoxy composite, respectively. As can be seen in Figure 5.28, 

while the crack propagated in the middle of the plane for transverse DCB test specimens, 

the crack tended to move towards one layer from the other by crack jumping for the 

longitudinal specimens due to the transverse curvature of the sample. It has resulted in a 

lower effect of fiber-bridging 184. 
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Figure 5.26 Load-displacement curves of transverse GF-based CFRPC DCB 

specimens under Mode-I loading 
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Figure 5.27 Load-displacement curves of longitudinal GF-based CFRPC DCB 

specimens under Mode-I loading 
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(a) 
 

 
 

(b) 
 

Figure 5.28 Fiber-bridging effect of (a) Transverse and (b) Longitudinal 

GF/005SWCNT/epoxy specimens during Mode I loading 

 

Figure 5.29 (a) and (b) show the crack propagation of long-GF/01SWCNT/epoxy 

DCB specimen during pre-crack formation and after pre-crack formation, respectively. 

The crack propagation stopped after the pre-crack occurred, and the specimen was broken 

from the additive layer (Figure 5.29 (b)). This is because the SWCNT additive hardened 

the GF-based epoxy composite material and the sample was broken from the nonadditive 

part. Thus, not enough 𝐼  values were calculated for long-GF/01SWCNT/epoxy (Figure 

5.35). 
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(a) 
 

 
 

(b) 
 

Figure 5.29 Long-GF/01SWCNT/epoxy during (a) Pre-crack loading and (b) After 

pre-crack loading  

 

The Mode-I fracture toughness of DCB samples was calculated by using the 

equation (4.8) and R-curves are illustrated in the following graphics (Figure 5.30, Figure 

5.31, Figure 5.32, Figure 5.33, Figure 5.34, and Figure 5.35). The number of data (N), 

mean, and minimum and maximum 𝐼  values are shown in R-curves.  

Figure 5.30 shows the R-curve of trans-GF/epoxy composite, and the initiation 

and propagation values were determined as 0.10 and 0.51 kJ/m2, respectively. After 𝐼 ,𝑖 𝑖=0.10 kJ/m2 value, 𝐼  raised with increasing crack growth, due to the fiber-
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bridging toughening mechanism. Figure 5.31 and Figure 5.32 represent the delamination 

length-dependent 𝐼  of trans-GF/005SWCNT/epoxy and trans-GF/01SWCNT/epoxy 

composites, respectively. Since the 𝐼  value range was higher for trans-

GF/005SWCNT/epoxy and trans-GF/01SWCNT/epoxy than for reference composite, 

incorporation of SWCNT has an extreme effect on the improvement of the Mode-I 

interlaminar fracture toughness. However, while the initiation of the Mode-I fracture 

toughness of trans-GF/005SWCNT/epoxy and trans-GF/01SWCNT/epoxy were 

remained almost the same compared to the reference sample, fracture toughness increased 

based on the fiber-bridging effect as the crack propagates. After the crack propagation, 

the 𝐼  values started to increase and reached the maximum value of 2.13 and 3.35 kJ/m2 

for trans-GF/005SWCNT/epoxy and trans-GF/01SWCNT/epoxy, respectively. While the 

propagation of Mode I fracture toughness increased by about maximum %200, the 

maximum Mode I fracture toughness increased by about maximum %216 with the 

incorporation of 0.1 wt.% SWCNT. 

Figure 5.33, Figure 5.34, and Figure 5.35 show the number of data (N), mean, and 

minimum and maximum 𝐼  values of the long- GF/epoxy, GF/005SWCNT/epoxy, and 

GF/01SWCNT/epoxy, respectively. The number of data of composite samples in the 

transverse direction increased while it decreased for composite samples in the 

longitudinal direction with increasing SWCNT content. One of the most important 

reasons for this is the shape of the DCB test samples. The curvature at the transverse 

samples is in the direction of the crack propagation while for longitudinal samples this is 

in the vertical direction. Due to the longitudinal DCB test specimens showed non-stable 

crack growth, not enough 𝐼  values were calculated. However, when the 𝐼 ,𝑖 𝑖 value of 

longitudinal DCB samples compared with transverse DCB samples, it is higher for the 

longitudinal ones due to exhibiting a lower fiber angle.  

The Mode I fracture toughness was obtained with the incorporation of nano-sized 

filler is much higher than the studies reported in the literature 35,76,192–195,200,146,152,167,169,188–

191. Furthermore, no studies have been reported in the literature that enhancing the Mode 

I interlaminar fracture toughness of GF-based CFRPCs, which produced by filament 

winding method with SWCNT toughened epoxy. The remarkable conclusion is that the 

Mode I fracture toughness of CFRPC DCB samples in the transverse direction was 

considerably increased in consequence of the usage of SWCNT incorporated epoxy only 

for the last layer of CFRPCs during the filament winding process. 
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Figure 5.30 𝐼  vs. delamination length and average 𝐼   value of trans-GF/epoxy 
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Figure 5.31 𝐼  vs. delamination length and average 𝐼  value of trans-

GF/005SWCNT/epoxy 



125 

60 70 80 90 100 110 120 130

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

G
IC

(k
J
/m

2
)

Delamination length (mm)

N = 76 Mean = 1.50419

SD = 0.94799

Min = 0.13785 Max = 3.3469

Mean

1.50419

 
Figure 5.32 𝐼  vs. delamination length and average 𝐼  value of trans-

GF/01SWCNT/epoxy 
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Figure 5.33 𝐼  vs. delamination length and average 𝐼  value of long-GF/epoxy 
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Figure 5.34 𝐼  vs. delamination length and average 𝐼  value of long-

GF/005SWCNT/epoxy 
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Figure 5.35 𝐼  vs. delamination length and average 𝐼  value of long-

GF/01SWCNT/epoxy 

 

The fractured surfaces of the transverse DCB samples were examined under the 

SEM in different magnifications. The micrographs from the middle of two layers, which 
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are away from the initial crack, were taken as illustrated in Figure 5.36, Figure 5.37, and 

Figure 5.38 for trans- GF/epoxy, GF/005SWCNT/epoxy, and GF/01SWCNT/epoxy, 

respectively. As known, the fiber pull-out and bridging are the main fracture failures 

during Mode I loading. From the micrographs of the reference samples (GF/epoxy), the 

regular structure and smooth surface were evidence of easy crack propagation and less 

plastic deformation during crack propagation (Figure 5.36 (a)). In Figure 5.36 (c) smooth 

fiber surfaces and fiber prints occurring from the fiber debonding from the matrix of 

GF/epoxy fractured surfaces indicated the low fracture toughness. When the fractured 

surfaces of GF/005SWCNT/epoxy and GF/01SWCNT/epoxy were morphologically 

examined under the SEM, the roughness was increased with increasing SWCNT 

concentration (Figure 5.37 (b) and, Figure 5.38 (b)). Rough surfaced indicated that 

 

 
(a) 

 
(b) 

 

 
 

(c) 
 

Figure 5.36 SEM images of GF/epoxy specimen fractured surface at (a)100x, (b) 

1000x and (c) 2500x magnifications after DCB test 



128 

SWCNT incorporation enhanced the fracture toughness with the plastic deformation. This 

occurred as a result of the enhancement of the wettability of the fibers according to good 

interface adhesion between the GF and epoxy with the existence of SWCNT. 

Furthermore, fiber surfaces from the fractured surfaces of GF/005/SWCNT and 

GF/01SWCNT/epoxy covered up with epoxy as a result of enhancement of the interfacial 

adhesion between the fiber and epoxy with the incorporation of SWCNT within the epoxy 

matrix. Accordingly, the crack propagated not only through the interface between fiber 

and matrix but also the resin. The crack propagation through the resin was induced by the 

toughening mechanism at the epoxy resin region, such as fiber-bridging has shown in 

Figure 5.38 (c). For CFRPCs include SWCNT, both GF and SWCNT contributed to the 

improvement of the interlaminar Mode I fracture toughness. The microscopic examination 

 

 
(a) 

 
(b) 

 

 
 

(c) 
 

Figure 5.37 SEM images of GF/005SWCNT/epoxy specimen fractured surface at 

(a)100x, (b) 1000x and (c) 2500x magnifications after DCB test 
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showed that the roles of SWCNT were; (1) enhance the adhesion between the epoxy and 

GF, and (2) participate in the fracture toughness mechanisms during Mode I loading. 

 

 
(a) 

 
(b) 

 

 
 

(c) 
 

Figure 5.38 SEM images of GF/01SWCNT/epoxy specimen fractured surface at 

(a)100x, (b)1000x, and (c) 2500x magnifications after DCB test 

 

 



 

130 

CHAPTER 6 

 

 

CONCLUDING REMARKS AND FUTURE WORKS 

 

 

6.1. Conclusions 

 

 

In recent years application of the high-performance materials in the modern 

industry- especially transportation, aerospace, and gas, liquid and chemical storage- has 

been increasing. A wide variety of polymeric composites are used in the terms of 

compositions and architecture. A typical composite consists of a polymeric matrix and 

continuous fiber (GF, CF, BF, etc.), and is called FRPC. Pushing further for achieving 

performance targets and the further integration of structural system has created the 

concept of multi-functional FRPCs, which are called “multi-scale reinforced 

composites”. As these composites serve an enhanced performance, safety, and versatility 

and reduce product size, weight, cost, and power consumption, they have recently drawn 

the most attention from the researchers, who study composite materials. 

In the laminated composite structures, delamination, which is the separation of 

the adjacent layers, is a common failure mode when the structure is exposed to the impact 

load. To enhance the delamination of the laminated composite structures, interlaminar 

properties (interlaminar fracture toughness) should be improved. In the literature recently 

several methods have been used to enhance delamination resistance, such as three-

dimensional (3D) weaving, Z-pinning, and braiding, knitting and stitching, fiber 

hybridization, and interleaving film, fibers or particles between the composite, and 

toughening the matrix material with micro/nano-sized fillers (alumina, silica, carbon 

black, graphene, carbon nanotubes). 

Potential impact loading can cause a bending moment in the curved regions, 

which results in delamination. In other words, the matrix and interface dominated 

properties, such as shear strength, fracture toughness, and impact damage resistance of 

CFRPCs should be improved. Toughening the matrix material with micro/nano-sized 
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fillers could be a promising technique for the production of filament wound cylindrical 

composite structures. 

Nano-sized fillers -especially CNT- modification within the polymeric matrix 

enhances the mechanical properties, as well as the toughness of FRPCs. Intense efforts 

have been devoted to understanding the nano-scale and uncovering the capabilities of 

nano-scale materials offer to structural materials in the last decade. However, as this topic 

needs more study, the incorporation of nano-scale materials into FRPC for producing 

multi-scale reinforced composites has been studied widely in the literature. 

This study considers to investigate the effect of the type and concentration of the 

nano-sized fillers on the mechanical, and rheological properties of the epoxy resin, and 

then evaluate the results for epoxy-based nanocomposites in the performance 

improvement of FW CFRPCs in terms of delamination, apparent hoop strength, 

interlaminar shear strength, and thermomechanical properties. 

Different types of nano-sized fillers (SWCNT, TEGO, and HNT) in varying 

concentrations were used to developed epoxy-based nanocomposites. Since based on the 

literature, the calendaring (3-roll-mill) method is the most promising method for the 

dispersion of nano-sized fillers within the viscous resin, the calendaring method was used 

for the dispersion process for this study. Also, because the interfacial adhesion between 

the filler and matrix highly affects the final product performance with regards to a better 

dispersion, surface modified nano-sized fillers were used. Once the mechanical 

performance of the epoxy was improved by the incorporation of nano-sized fillers, the 

multi-scale CFRPCs were also produced. The used nano-sized filler should not only 

increase the performance of the epoxy but also not increase viscosity in a way that will 

affect the production of CFRPCs. Based on the results for the nanocomposites, 

noncovalently functionalized chemical-vapor-deposition-grown SWCNTs with 

ethoxylated alcohol was used as a nano-sized filler for the fabrication of filament wound 

multi-scale CFRPCs. In this context, the reference and SWCNT modified glass fiber 

(GF)-based CFRPCs with an inner diameter of 60 and 275 mm were manufactured by the 

filament winding method. The split-disk and three-point bending tests were performed 

for the reference and SWCNT reinforced GF-based CFRPCs. The double cantilever beam 

(DCB) test was also carried out on the reference and SWCNT reinforced GF-based 

composites to investigate the effect of SWCNT existence on the interlaminar fracture 

toughness of GF-based composites. The fractured surface after the DCB test were 
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analyzed under SEM to comprehend the toughening mechanisms, and micro-and nano-

sized filler morphologies. Comparing the results, toughening the epoxy with SWCNT 

improved the interlaminar properties of the GF-based composites.  

This thesis consists of mainly two parts which were explained in the following 

paragraphs. 

The first stage of the thesis: Three different nano-sized fillers (SWCNT, TEGO, 

and HNT) were incorporated within Bisphenol-A-based epoxy resin for the production of 

NCs by the calendaring method.  The results obtained from a series of mechanical testing 

showed that, 

• While the addition of SWCNT improved not only the strength but also the 

strain at lower concentrations (0.0125, 0.025, and even 0.05 wt.% 

SWCNT), TEGO decreased the stress and the strain frankly, and HNT 

improved both the strength and strain slightly. 

• The Mode I fracture toughness was improved frankly with the 

incorporation of both SWCNT at 0.025, 0.05, and 0.1 wt.% concentrations, 

and HNT at 0.5 wt.% concentration. However, Mode I of NCs was not 

significantly affected by the incorporation of TEGO. 

• According to the flexural properties of NCs, the flexural strength of the 

NCs was increased with the addition of TEGO within the epoxy matrix. 

• Viscosity results showed that, viscosity for the reference and 0.0125, 

0.025, 0.05, and 0.1 wt.% SWCNT blended suspensions at room 

temperature (250C) and the low shear rate did not exceed 2.0 Pa.s, which 

is a suitable viscosity value during the filament winding for wetting the 

continuous filament. Also, during the curing cycle of CFRPCs, the 

viscosity of the used SWCNT incorporated epoxy suspensions was not 

significantly affected. 

• The pendant drop method showed that the propagation of the epoxy matrix 

on the GF was not significantly affected by the presence of SWCNT within 

the epoxy suspension. 

The second stage of the thesis: The reference and SWCNT reinforced GF-based 

CFRPCs with an inner diameter of 60 and 275mm were manufactured by the filament 

winding method. The produced reference and SWCNT reinforced CFRPCs were tested 
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with a series of mechanical tests. The mechanical and the thermomechanical results 

followed as; 

• As cylindrical structures are generally used under internal pressure where 

high hoop stresses are developed, a split-disk test was performed for the 

unnotched and notched rings cut from CFRPCs with an inner diameter of 

60 mm. The apparent hoop strength for the unnotched and notched ring 

specimens (by about max 16%) and Mode I for the notched ring specimens 

(by about max %36)  were improved with the existence of SWCNT at the 

last layer of the cylinders. 

• Three-point bending tests were performed to determine the flexural and 

ILSS properties of CFRPCs with an inner diameter of 60 and 275mm. 

While the flexural strength was increased with increasing SWCNT 

content, ILSS was increased maximum with the incorporation of 0.05 

wt.% SWCNT. 

• Regardless of fiber orientation (transverse or longitudinal), the glass 

transition temperature value slightly increased with the contribution of 

SWNCT. However, Tanδ values changed depending on the fiber 

orientation and SWCNT incorporation. 

• According to the DCB test results; while SWCNT contribution on the last 

layer of CFRPCs with an inner diameter of 275 mm improved Mode I 

interlaminar fracture toughness in the transverse direction by about a 

maximum of 216%, SWCNT contribution effect on the Mode I 

interlaminar fracture toughness in the longitudinal direction could not be 

performed efficiently due to not obtaining sufficient data. 

Lastly, if the average cost feasibility of the produced cylindrical composites is 

made, the price has increased by and an average of 220 dollars, which is caused by the 

usage of SWCNT. However, an extra 220 dollars investment in the production of these 

multi-scale cylindrical composites enhances the performance. Also, the usage of SWCNT 

was lowered in this study by instead of using SWCNT incorporated epoxy in the 

production of all layers of cylindrical composites, it is used only for the outer layer of the 

composite. 
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6.2. Future Works 

 

 

Toughening the matrix resin with the incorporation of nano-sized fillers offers 

great potential for the performance enhancement of the multi-scale composites. The result 

of this thesis study showed that the production of the cylindrical composites with SWCNT 

incorporated epoxy resin for only the last layer at even low concentrations enhances the 

interlaminar fracture toughness, hoop strength, flexural strength, and interlaminar shear 

strength. 

In the production of portable tanks used to store the hydrogen gas in consequence 

of the impact to the outer layer of the structure, and delamination may be occurred due to 

the bending. External impacts and even internal pressure accelerate the delamination 

progress. For this reason, improving the fracture toughness, which is a matrix-dominated 

property, of the composites should be handled and carefully studied for the cylindrical 

composites. In this thesis, materials used for the production of filament wound pressure 

vessels were examined and many studies were carried out to enhance their performance. 

However, as it is a large field of study, there are incompleted and unfinished studies 

needed a full understanding. 

From the research perspective, there many challenging gaps needed to fully 

understand; 

• The behavior of cylindrical composites under the Mode I loading was 

studied in recent decades both experimentally and numerically. However, 

how nano-sized filler content affects the behavior of cylindrical 

composites under Mode I and Mode II remain a question. Also, during 

fatigue loading of these composites should be clarified due to the difficulty 

to detect the crack propagation. 

• Air conditioning effect on the cylindrical composite pipes needed to be 

clarified due to the application of composite pipes underground, in-water, 

etc. The nano-sized filler addition concept can be investigated for this 

field. 

• Although there are a few studies that produced composite pressure vessels 

with the toughened matrix resin, these studies should be diversified for 
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completely understanding the nano-sized effects on the performance of 

CFRPCs.  

• For recycling, the materials thermoplastic instead of thermoset resin could 

be used as a matrix material for the production of CFRPCs. As 

thermoplastics have fewer mechanical properties than thermosets, the 

mechanical performance of the thermoplastic can also be improved with 

the incorporation of nano-sized fillers, which have been studied widely in 

the literature. 

• The production of longer CFRPCs with a 275 mm inner diameter may be 

a solution for DCB test problems in terms of a stable thickness of the 

specimens. 

• Even toughness mechanism (fiber-bridging) does not occur in Mode II, the 

calculation of interlaminar fracture toughness under in-plane shear 

deformation load can provide further information about the interlaminar 

properties. 
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APPENDICES 

 

 

APPENDIX A 

 

 

MECHANICAL PROPERTIES OF NANOFILLER-BASED EPOXY NANOCOMPOSITES REPORTED 

IN THE LITERATURE 

 

 

Matrix Method Filler Type Filler 
Concentrations 

Mechanical Properties (enhancement ±%) Reference 

Young’s 
Modulus  

Tensile 
Strength 

Fracture 
Toughness 
(Mode I) 

Flexural 
Strength 

Flexural 
Modulus 

bisphenol-A 
diglycidyl ether 
epoxy 

1st Mechanical Stirrer 
2nd Three-roll mill 

Noncovalent 
functionalized 
SWCNT 

0.0125 wt.% -0.2% +8% +49%   256 

0.025 wt.% +22% +14% +182%   

0.05 wt.% +2% +3% +181%   

0.1 wt.% +0.6% -34% +156%   

0.3 wt.% +2.8% -60% +119%   

0.5 wt.% +4.2% -63% +36%   

bisphenol-A 
diglycidyl ether 
epoxy 

high-speed dissolver Silica 3 vol.% +13% +22% +48%   203 

6 vol.% +14% +29% +61%   

9 vol.% +21% +34% +74%   
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12 vol.% +31% +45% +93%   

epoxy Mechanical mixer CB 5 vol.%   decreased 
 

 257 
 
 
  

10 vol.%   
 

 

15 vol.%   
 

 

20 vol.%   -25% 
 

 

epoxy Speed mixer CB  
D:100-140 nm 

1 vol.% increased SI    96 

5 vol.% -20% SD    

10 vol.%    

20 vol.%    

CB  
D:30-60 nm 

1 vol.% NSI NSI    

5 vol.%    

10 vol.%    

20 vol.%    

diglycidyl ether 
of bisphenol F 

1st high shear mixer 
2nd sonication 
 

GNPs 5 wt.% +9% -6%    95 

10 wt.% +18% -10%    

15 wt.% +24% -20%    

20 wt.% +36% -36%    

CB 0.33 wt.% 0% +5%    

0.67 wt.% +1% +5%    

1.0 wt.% +1% +4%    

CB/ 
GNPs 

0.33/5 wt.% +18% -12%    

0.67/10 wt.% +20% -20%    

Bisphenol-A-
based epoxy 

1st Ultrasonication 
with iced bath 
2nd Magnetic Stirrer 
3rd High-speed shear 
mixing 

SWCNT  0.1 wt.% +3%     129 

MWCNT 0.1 wt.%  +14% +20%   

GO 0.1 wt.% +31% +40% +52%   

Hot cure and low 
viscous epoxy 

1st Mechanical Stirrer 
2nd Three-roll mill 

GNP 0.5 wt.%   +25%   145 

1 wt.%   +38%   

2 wt.%   +68%   

3 wt.%   +90%   
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GNP/ 
MWCNT 

0.5 wt.%   +38%   

1 wt.%   +62%   

2 wt.%   +75%   

bisphenol A and 
epichlorohydrin 
based epoxy 

3-roll mill calendaring GNP 
d=5µm 

0.1 wt.%   SI  increased 97 

0.5 wt.%    

1.0 wt.%    

2.0 wt.%   +60%  

GNP 
d=25µm 

0.1 wt.%   increased 
 

increased 

0.5 wt.%   
 

1.0 wt.%   
 

+9% 

2.0 wt.%   +82%  increased 

1st ultrasonication with 
acetone 
2nd high-pressure 
homogenizer 
3rd 3-roll mill 
calendaring 

MWCNT:GNP 
(d=25µm) (0.5 
wt.%) 

1:0   +80%  Increased 
 1:3   Increased 

 
 

1:5    

1:9    

3:1    

5:1    

9:1   + 77%  +17% 

epoxy cup horn 
ultrasonication with 
acetone 

PG 0.54 vol.% +17% -38% Decreased   99 

GO 0.54 vol.% +24% +9% +41%   

Bisphenol-A-
based epoxy 

1stSonication in 
ethanol for 2 h at 600C 
2nd Ball milling  

RGO  0.05 wt.% SI NSI 
 

 NSI 
 

SI  
 

61 

0.1wt.%  

0.2 wt.% +52% 

1stSonication in 
ethanol for 2 h at 600C 
 

0.05 wt.% SI DD  DD SI 

0.1 wt.%  

0.2 wt.% +24% 

Bisphenol three-roll calendar 
mill (with a 5µm gap, 

GO 0.1 wt.% +12% SI +28-63% +18% +9% 56 

0.25 wt.% SI SI ̴ +18% ̴  +9% 
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A/F diglycidyl 
ether blend 

30, 60, 180 rpm rollers 
speed) 

0.5 wt.% SI +13% ̴ +18% ̴  +9% 

1 wt.%  SI SD ̴ +23% ̴  +12% 

Epoxy Mixing for 10 min at 
250C 

GO 1.5 vol.% +45% +85%    100 

3 vol.% +54% +28%    

4.5 vol.% +66% +14%    

6 vol.% +79% +7%    

Bisphenol-F-
based epoxy 

1st Ultrasonication 
with iced bath 
2nd Magnetic Stirrer 

GNS 0.1 wt.% +32% +13%  +3% +0.5% 258 

0.3 wt.% - +7%  0 +10% 

0.5 wt.% +158% +4%  -2% +4% 

1 wt.% - +2%  -3% +7% 

Diglycidyl Ether 
of Bisphenol A/F 
(epoxy) 

1st Ultrasonication 
with iced bath 
2nd Magnetic Stirrer 
 

GO 0.1 wt.% +23% +5%  +49%   101 

0.3 wt.% +30% +2% +4%   

0.5 wt.% +32% +3% -2%   

0.7 wt.% +24% +1% -10%   

Commercial 
epoxy 

1st Mechanical Stirrer 
with acetone 
2nd Three-roll-mill 

GNP 0.1 wt.% +11% +10%  +28%   247 

0.2 wt.% +27% +11% +56%   

0.3 wt.% +32% +15% +64%   

Bisphenol A-
(epichlorohydrin) 
epoxy resin 

1st Ultrasonication 
with iced bath 
2nd Magnetic Stirrer 
 

GNC 
 

0.005 wt.% +8% +2% +36% +16% +15% 259 

0.01 wt.% +14% +3% +51% +21% +22% 

0.05 wt.% +10% +2% +38% +22% +23% 

0.5 wt.% +10% +2% +36% +23% +25% 

1.0 wt.% +8% +2% +19% +27% +28% 

2.0 wt.% +3% 0% +18% +25% +26% 

Diglycidyl ether 
of bisphenol-A 
epoxy resin 

1st Mechanical Mixer 
2nd Sonication 

FGS 0.25 wt.% +33% +11%    102 

0.5 wt.% +41% +9%    

0.75 wt.% +47% +17%    

1.5 wt.% +51% +16%    

MWCNT 0.25 wt.% +20% +16%    

0.5 wt.% +23% +17%    

0.75 wt.% +39% +22%    



 

167 

o-MWCNT 0.5 wt.% +26% +28%    

bis-phenol-A-
based epoxy resin 

three-roll-mill DWCNT 0.1 wt.% SI decreased +17%   37 
 DWCNT-NH2 0.1 wt.% +6% NSI +18%   

1.0 wt.% ̴ +6% SI +26%   

CB 0.1 wt.% NSI decreased +18%   

DGEBA-based 
epoxy 

three-roll-mill CB 
 

0.1 wt.% +6% -1% +17%   103 

0.3 wt.% +8% -1% +32%   

0.5 wt.% +9% +2% +31%   

SWCNT 0.05 wt.% +3% +3% +11%   

0.1 wt.% +4% +4% +23%   

0.3 wt.% +8% +5% +12%   

DWCNT 0.1 wt.% +7% -2% +17%   

0.3 wt.% +11% +6% +31%   

0.5 wt.% +7% +6% +31%   

DWCNT-NH2 0.1 wt.% +1% -0.2% +18%   

0.3 wt.% +13% +5% +41%   

0.5 wt.% +15% +8% +43%   

MWCNT 0.1 wt.% +7% -1% +21%   

0.3 wt.% +6% -1% +23%   

0.5 wt.% +0.4% -4%    

MWCNT 
-NH2 

0.1 wt.% +11% +1% +24%   

0.3 wt.% +8% -0.2% +31%   

0.5 wt.% +8% +0.7% +29%   

diglycidyl ether 
of bisphenol F), 

1st bath sonication 
2nd High shear mixing 

SWCNT 0.01    +6%  260 

0.05    9% +15% 

diglycidyl ether 
of bisphenol A 
 

Ultrasonication with 
acetone 

MWCNT 0.2 wt.% +3% -7%    104 

MWCNT-X 0.2 wt.% +12% -0.2%    

MWCNT-Y 0.2 wt.% +34% +10%    

MWCNT-Z 0.2 wt.% +24% +3%    

1st sonication P-HCNTs 0.2 wt.% increased SI  SI ̴ +37% 105 
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Bisphenol A 
epoxy resin 

2nd high shear mixing 0.4 wt.% increased SI  SI ̴ +37% 

0.6 wt.% +86% +13%  SI ̴ +37% 

0.8 wt.% increased SI  SI +37% 

A-HCNTs 
 

0.2 wt.% increased SI  SI SI 

0.4 wt.% increased SI  SI ̴ +39% 

0.6 wt.% +188% +22%  SI +39% 

0.8 wt.% increased SI  SI ̴ +39% 

K-HCNTs 0.2 wt.% increased increased  SI ̴ +72% 

0.4 wt.% +271% +513%  SI ̴ +72% 

0.6 wt.% increased increased  Decreased +72% 

0.8 wt.% increased increased  NSI ̴ +72% 

Epoxy Ultrasonication  P-HNT 1 wt.% +0.4% -3% +11%   78 

4.8 wt.% +11% -14% +16%   

H-HNT 1 wt.% +11% +5% +25%   

4.8 wt.% +18% +2% +43%   

diglycidyl ether 
of bisphenol A 

Ball milling HNT 5 wt.% +1% +4% +37%   116 

10 wt.% +1% +4% +47%   

15 wt.% +3% +5% +38%   

Mechanical mixing 5wt.% +5% +7% +47%   

10 wt.% +22% -2% +30%   

Ball milling PA-HNT 5 wt.% +5% +5% +40%   

7 wt.% +5% +6% +45%   

10 wt.% +11% +5% +51%   

15 wt.% +21% +6% +34%   

Mechanical mixing 5 wt.% +8% +5% +40%   

10 wt.% +9% -22% +33%   

Ball milling Silane_HNT 10wt.% +1% +5% +38%   

CTAC_HNT 10 wt.% +6% +6% 51%   

epoxy 1st sonication with 
acetone 

MWCNTs 0.25 wt.%  +11%    261 

0.5 wt.%  +18%    
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2nd mechanical stirrer 0.75 wt.%  +36%    

1.0 wt.%  +26%    

Bisphenol F 1st mechanical stirrer 
2nd sonication 

MWCNT 0.1 wt.% +3% +5% +15%   262 

0.5 wt.% +11% +8% +26%   

1.0 wt.% +17% +6% +19%   

diglycidyl ether 
of bisphenol A 

three-roll-mill  GNP 0.5 wt.%   +24%   34 

TRGO 0.5 wt.%   +40%   

MWCNT 0.5 wt.%   +8%   

GNP: graphite nano-platelets, TRGO: thermally reduced graphene oxide, MWCNT: multi-wall carbon nanotubes, DWCNT: double walled carbon nanotube, DWCNT-NH2: 

amino-functionalized DWCNT, SI: Slightly improved, NSI: no significant improvement, HCNTs: Helical carbon nanotubes, P-HCNTS: pristine HCNTs, A-HCNTs : acid 
treated HCNTs, K-HCNTs: glycidoxypropyltrimethoxysilane modified HCNTs, -X: treatment with non-ionic surfactant, -Y: treatment with anionic surfactant, -Z: treatment 
with cationic surfactant, H-HNT: hydroxylated HNTs, CB: Carbon black, GO: Graphene oxide, GNS: graphene nanosheets, GNC: nanocarbon sheets, NSI: no significant 
improvement, GNC: nanocarbon sheets, BM: ball milling, DD: dramatical decrease, SD: slightly decreased, LI: large increase, FGS: Functionalized graphene sheets, o-
MWCNT: oxidized MWCNT, PG: pristine graphene 
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APPENDIX B 

 

 

ILSS AND MODE I FRACTURE TOUGHNESS IMPROVEMENT OF MULTI-SCALE FRPCS 

 

 

Fiber/matrix  The nano-sized filler 
integration method 

Production Method of 
FRPCs 

Type of nano-sized filler Increase in 𝐼  (%) Increase in ILSS 
(%) 

Ref. 

Woven-CF/epoxy Entire epoxy VARTM GNP (3 wt.%) 153% 47.5% 146 

MWCNT (3 wt.%) 79% 46.7% 

UD CF/epoxy Entire epoxy VARIM Nano-silica (10 wt.%) 23% ( 𝐼 ,𝑖 𝑖.) 
1.2% ( 𝐼 , .) 5% 167 

Nano-silica (20 wt.%) 75% ( 𝐼 ,𝑖 𝑖.) 
21% ( 𝐼 , .) 18% 

UD CF prepreg/epoxy Entire epoxy Autoclave 
 

MWCNT-modified  
(0.5 wt.%) 

75% ( 𝐼 ,𝑖 𝑖.) 
83% ( 𝐼 , .) ~0 188 

GF/epoxy 
[-45°/90°/+45°/0°]s 

Entire epoxy VARTM MWCNT-NH2 (0.1 wt.%) ~0 11% 152 

[0/90] CF prepreg/epoxy Entire epoxy Autoclave SWCNT modified with 
surfactant (0.1 wt.%) 

3% ( 𝐼 ,𝑖 𝑖.) 
13% ( 𝐼 , .) - 189 
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UD CF prepreg/epoxy Entire epoxy VARTM MWCNT %25 (3 wt.%) - 190 

UD CF prepreg/epoxy Entire epoxy Autoclave cup-stacked carbon 
nanotubes (CSCNTs) 

98% (5 wt.%) - 191 

UD CF prepreg/epoxy Entire epoxy Hot-press Functionalized-MWCNT 
(0.1 wt.%) 

22% ( 𝐼 ,𝑖 𝑖.) 
14% ( 𝐼 , .) - 192 

UD CF/epoxy Entire epoxy VARTM COOH-MWCNT  
(0.5 wt.%) 

25% - 193 

UD CF/ epoxy Entire epoxy Autoclave MWCNT (1 wt.%) 60% - 194 

[(0,-45,90,+45)2,-
45,90,+45,0]s 
GF/epoxy 

Entire epoxy VARTM Oxidized-MWCNT   
(1 wt.%) 

- 7.9% 153 

GF fabric/epoxy Entire epoxy Hand lay-up MWCNT (0.3 wt.%) - 15% 154 

GF fabric/epoxy Entire epoxy IDVARTM Oxidized-MWCNT  
(2 wt.%) 

- 33% 155 

[(0,+45,90,-45]s 
GF/epoxy 

Entire epoxy RTM DWCNT-NH2 (0.3 wt.%) - 20% 51 

[(0,-45,90,+45)2,-
45,90,+45,0]s 
GF/epoxy 

Entire epoxy RTM DWCNT (0.3 wt.%) reduced 16% 76 

Woven GF fabric/epoxy Entire epoxy Hand lay-up NH2-MWCNTs   
(0.3 wt.%) 

- 49% 156 

UD CF/epoxy Coating on CF VARTM CNT - 58.6% 161 

Woven GF fabric /epoxy Coating on GF VARTM SWCNT (0.015 wt.%) - 45% 162 

CF fabric/epoxy Entire epoxy Open mold method MWCNT-NH2 (1.5 wt.%) - 7% 157 

UD CF/epoxy Spraying on the fibers VARIM MWCNTs-COOH 24% ( 𝑣., .) 12% 195 
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CF fabric/epoxy Entire epoxy VARIM CNT-NH2 - 10% 158 

CF/epoxy Entire epoxy FW MWCNT-NH2 (6 wt.%) - 28% 159 

UD CF/epoxy Entire epoxy hot-melt prepregger Functionalized-MWCNT 
(0.5 wt.%) 

- 12% 160 

UD CF/epoxy Coating on CF Autoclave GO - 12.7% 163 

UD CF/epoxy Coating on CF Compression molding 
method 

SiO2 - 10.92% 164 

UD GF/epoxy Entire epoxy Vacuum bagging  Alumina (0.8 wt.%) - 2.07% 165 

CF/epoxy Entire epoxy FW CSR (10 phr) and  
nano-SiO2 (2 phr) 

- 18.9% 168 

Woven CF fabric/epoxy Entire epoxy hand lay-up HNT (3 wt.%) ~40% (max) - 35 

HNT (5 wt.%) - 25% (max) 

UD CF/epoxy Entire epoxy RTM AlOOH nanoparticle  
(15 wt.%) 

32.61% - 169 

Random GF mat/PE Entire PE VARTM Surfactant-treated CNF   
(1 wt.%)  

100% - 200 

UD CF/epoxy Entire epoxy FW carboxyl-functionalized 
MWCNTs (3 wt.%) 

- 8% 255  

UD: Unidirectional, CF: Carbon fiber, GF: Glass fiber, VARTM: vacuum-assisted resin transfer molding, IDVARTM: injection double vacuum-assisted resin transfer 
molding, RTM: Resin transfer molding, FW: Filament winding, HNT: halloysite, CSR: core-shell rubber, PE: polyester, CNF: carbon nanofiber 
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