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Abstract 

The development of nanoscale reinforcements, which can tailor mechanical 

performance and impart multiple functionalities on carbon fibre reinforced polymer 

(CFRP) composites, remains a challenge for their largescale adoption in diverse 

applications ranging from aerospace to transportation and construction industries. 

During the past years, many nanoscale reinforcements were used for the enhancement 

of CFRP, with carbon nanotubes (CNTs) being the one that utilized mostly.  A 

relatively new and unexplored so far nano-reinforced hierarchical  structure with 

extreme potential for all around properties’ reinforcement, is the graphene nanoflakes 

(GNFs) coated carbon fibre (CF).   

Within the scope of this thesis, GNFs were directly grown onto CFs, using two 

catalyst-free and straight forward techniques: i) microwave plasma enhanced chemical 

vapour deposition (mw-PECVD) and ii) radio frequency plasma enhanced chemical 

vapour deposition (rf-PECVD). Moreover, in order to compare the grown hierarchical 

structures with ones originating from other alternative methods, a novel and one-step 

CO2 laser texturing process of CFs was examined as well.  

A remarkable 28% enhancement in the tensile strength of the hybrid fibres (mw-

PECVD growth) was observed via single-fibre tensile strength tests, whereas the 

interfacial shear strength (IFSS) increased by 101.5%. The results of this thesis 

demonstrate that GNFs not only improve the interfacial strength between the GNFs 

and the epoxy resin but also enhance the in-plane mechanical strength of the CFs—a 

well-known problem encountered with the direct growth of carbon nanotubes on CFs. 

In addition, GNFs provided embedded functionality via increased electrical 

conductivity (60.5% improvement for yarns and 16% for single fibre).  
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Mode-I, Mode-II  interlaminar fracture toughness and tensile strength tests revealed 

the all-around enhanced mechanical performance (up to 63.9%, 43.8% and 9.67% 

respectively) of the fabricated hierarchical composites (rf-PECVD GNFs growth), 

while remarkable enhancement of the out of plane through volume electrical 

conductivity by 527% was observed. Generally, the results of this work showed huge 

potential for multifunctional laminated materials, indicating that the rf-PECVD 

method is suitable for all around properties’ reinforcement.  

Moreover, the results of the CO2 irradiation of the CF fabrics, showed that this method 

can be considered as a quick and low-cost technique for producing composites with 

boosted out of plane electrical conductivity (increment up to 18.4%), without 

negatively affecting the interlaminar region of them (preservation of the Mode-I 

interlaminar fracture toughness).  
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1.1 Introduction 

Carbon fibre reinforced polymers (CFRP), made of carbon fibres (CFs) reinforcing a 

resin matrix, are central to the production of stronger yet lighter components for 

airplanes, cars, trains, ship containers, and wind turbines. The ever-increasing 

requirements for cost efficiency and ecological policies led to the gradual migration 

from metallic to composite structures in these industries, as the reduction in body mass 

reduces fuel consumption and greenhouse emissions. The high specific in-plane 

mechanical properties of CFs are the cornerstone of the superior performance of 

CFRPs. However, this performance is significantly affected by their reduced out-of-

plane properties. These shortcomings are largely governed by the interfacial strength 

between fibres and polymer matrix, which in its turn is governed by the specific 

surface area, the low surface energy, the nonpolar characteristics, and the chemical 

inertness of CFs. The weak interfacial bonding does not allow the effective transfer of 

stress from the matrix to the CFs, leading to fibre debonding and pull-out from the 

matrix, which deteriorates the properties of CFRPs. Therefore, an appropriately 

engineered interface is essential to ensure the efficient load transfer from the matrix to 

the reinforcements and significantly enhance the mechanical behavior of composites.  

To counterbalance the poor bonding of matrix material to CFs, many surface 

modifications such as sizing,1 coating,2,3 oxidation,4 plasma treatments,5−7 chemical 

grafting,8−12 and electrophoretic deposition13−15, have been introduced to reinforce the 

interface at the macro and molecular level and improve the compatibility between the 

CFs and polymer matrix. Popular efforts also include the incorporation of secondary 

nanoscale reinforcements (e.g., graphene and carbon nanotubes) at the interface 

between the fibre and matrix.16−20 One particularly promising interface reinforcement 
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route is the “roughening” of the fibre surface via direct growth of architectures, that 

combine different scales (e.g. micro and nano scale), on it (hierarchical structures).  

A notable example of these reinforcement interphases includes the radial direct growth 

of carbon nanotubes (CNTs) on CFs. Because of the poor wettability of CFs in CNT 

growth solutions, past works have employed harmful surface treatments to improve 

catalyst adhesion;21 with only few exceptions,22 in the reported literature, the majority 

of efforts have resulted in compromises of in-plane mechanical properties.23,24 

Accelerated interdiffusion of the catalyst particles on the CF surface, at the high 

temperatures used for the chemical vapour deposition (CVD) growth of carbon 

nanostructures, was identified by several authors as the main mechanism, responsible 

for the encountered in-plane strength losses25, while Steiner et al.26 claimed that 

thermally activated mechanochemical changes in the CF structure were mainly 

accountable for the reduction in CF strength. 

Recent efforts to overcome these challenges include noncovalent functionalization 

routes to avoid direct contact of the catalyst with the carbon fabric. These methods, in 

conjunction with low growth temperatures, have shown to preserve the interfacial 

properties of the CFs. However, it is important that the fibre yarn is kept under tension 

during growth, which complicates the manufacturing process27. Nevertheless, the 

multiple processing steps render this approach costly and not amenable to large-scale 

production.  

Laboratory-scale processes have created hierarchical interfaces on fibers with 

remarkable multifunctional properties, but are not feasible for high-volume, 

continuous fiber production, which is necessary for the commercialization of nano-

engineered CFRPs. The challenge lies in effectively integrating these hierarchical 
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structures to offer scalability and economic viability to progress toward 

commercialization. One potential route for tackling this challenge, is the laser induced 

modification of bare CFs, which is rather unexplored so far.  So far, the irradiation of 

CFs with commercially available CO2 or Nd:YVO4 laser beam sources have focused 

on intense laser conditions suitable for the cutting of CFs rather on inducing surface 

texturing28. The current work will systematically investigate the effects of CO2 laser 

irradiation on CF tow and unidirectional carbon fabric, under conditions suitable for 

inducing CF surface texturing without breaking the fibres. 

1.2 Motivation 

A novel type of hierarchical reinforcing interface, almost unexplored so far, is that of 

vertically aligned, self-assembled 3D network of graphene nanoflakes (GNFs). In the 

literature, GNFs can also be found with other names, like carbon nanowalls,29 

graphene nanowalls,30 graphitic petals,31 or graphene nanopetals.32 GNFs are 

multilayer systems of graphene sheets, oriented perpendicular to a substrate’s surface, 

forming a labyrinth network like pattern. They encompass a number of important 

assets:  

(i) They can be self-assembled on any type of surface without use of any metal 

catalyst. Since no catalyst is required for the growth of GNFs, it is expected that the 

tensile strength of the fibres can be maintained, provided that the CFs are not subjected 

to high temperatures for long durations. Additionally, the elimination of catalyst 

makes the manufacturing process much easier compared to those used for the growth 

of CNTs.  

(ii) The distribution of load-bearing graphene sheets is not uniform but rather 

creates a gradient of layers, with the number of layers being highest at the base and 

gradually lower at the top.33−35 Such a graded interface, emulates biological systems 
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which rarely exhibit discrete boundaries between two systems of vastly different 

mechanical properties. This biomimetic graded interface36 could effectively transfer 

load between the matrix and the fibres and reduce stress concentrations. 

(iii) The hybrid structure exhibits high roughness and robustness, which are 

beneficial for ensuring efficient infiltration of resin. Due to their robust structure, 

GNFs are more likely to retain their shape under the action of forces generated by the 

resin infusion process, in contrast to CNTs. 

(vi) Finally, the direct contact of GNFs and CF at the GNFs/CF interface 

minimizes Ohmic contact resistance, facilitating efficient out-of-plane electrical and 

thermal transport,31,32 hence giving rise to multifunctional capabilities. 

GNFs have received significant attention over recent years due to their conductive 

porous morphology and electron rich edges, which make them well suited for a variety 

of fields including electron field emission,37 blackbody antireflective coatings,38 

electrodes for sensing,39−41 and energy conversion and storage (electrodes for fuel 

cells,42,43 batteries supercapacitors,44−47 and solar cells48,49). However, their use as a 

nano-reinforcement interface is an almost unexplored terrain with only limited work 

reported so far50−52 on radio-frequency plasma enhanced chemical vapor deposited (rf-

PECVD) GNFs on CFs.  

Motivated by these studies, in this work GNFs are investigated as a novel one step 

process to enhance the interface between the CFs and polymer matrix of composites. 

Since no catalyst is required for the growth of GNFs, it is expected that the hybrid 

material’s out-plane properties can be further enhanced, without sacrificing the in-

plane strength of the fibres, provided that the CF is not subjected to high temperatures 

for long durations.  
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1.3 Aims and Objectives 

The present project targets on the fabrication of a novel multifunctional hierarchical 

composite materials with improved out-of-plane as well as in-plane mechanical and 

electrical properties, which will be accomplished via direct growth of GNFs on CFs. 

Both microwave PECVD (mw-PECVD) and rf-PECVD were used to succeed this 

growth of GNFs.  The high surface area of these labyrinth-like nanoreinforcement’s 

and their excellent electrical properties, was expected to provide improved 

interlaminar fracture toughness, without degrading the in-plane properties of the 

material, as well as efficient electron transport in the fabricated composite materials.  

 

1. Understanding, through a detailed structural characterization, how the two 

different PECVD (mw-PECVD and rf-PECVD) processes, control the 

morphology and quality of GNFs grown on carbon fibres. As a result, this step 

will allow the manufacturing of GNFs/CF hybrids with well controlled, 

quantified morphology and crystalline quality. 

2. Identifying the influence of key processes and structural parameters on the 

tensile strength of GNFs/CF hybrids employing single fibre tensile strength 

and fragmentation tests. 

3. Evaluation of interlaminar fracture toughness mechanisms (Mode I and Mode 

II) of selected nano-engineered laminate, using validated protocols and 

benchmarking them against reference CFRP specimens. 

4. Enhancing the challenging tensile strength of the fabricated composite 

structures and benchmark their strength against reference CFRP specimens. 
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5. Determining the in-plane and out-of-plane electrical conductivity of the nano-

engineered composites and benchmark their performance against reference 

CFRP specimens. 

6. Studying alternative routes to PECVD synthesis methods, such as CO2 laser 

irradiation, for fabricating composite structures with enhanced interlaminar 

fracture toughness, tensile strength, and electrical conductivity. 

1.4 Thesis outline  

For the efficient achievement and validation of the aims and objectives previously 

mentioned, the thesis has been arranged in the following order: 

CHAPTER 2: Literature review 

In this chapter the state of the art, of carbon nanomaterials used as nanoreinforcements 

for composites materials, is provided. More specifically, emphasis is placed on 

Graphene Nanoflakes (GNFs), utilized for hierarchical carbon fibre reinforced 

polymer composites applications. This overview includes all the synthesis and 

characterization methods conducted for the reinforced composites, along with their 

mechanical and electrical properties. 

CHAPTER 3: Materials and methods 

In this chapter the synthesis and characterization methods utilized in the thesis are 

presented. All the characterization techniques used for accessing the materials’ 

properties, are discussed in detail together with their theoretical background and 

operating principles.  

CHAPTER 4: Radially Grown Graphene Nanoflakes on Carbon Fibres as 

Reinforcing Interface for Polymer Composites 
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In this chapter, the radial growth of GNFs on CFs as a reinforcing interface for 

polymer composites is discussed. Furthermore, all growth parameters of the GNFs 

coatings, the values of tensile strength, interfacial shear strength, electrical 

conductivity, as well as specific capacitance of the fabricated hybrid fibres are 

presented. 

CHAPTER 5: Radially Grown Graphene Nanoflakes on Carbon Fibres with 

enhanced Mode-I & II interlaminar fracture toughness and tensile strength for 

polymer composites 

In this chapter, the enhancement of Mode-I & Mode-II interlaminar fracture toughness 

and the tensile strength of the fabricated hybrid GNFs/CFs composite structures is 

discussed. Additionally, electrical conductivity measurements on the laminated 

structures are presented. 

CHAPTER 6: Conclusions and suggestions for future research 

In this chapter, conclusions on the research conducted  is reported, and future work 

proposals are provided. 

 

APPENDIX A,B: Enhanced out of plane electrical conductivity in polymer 

composites induced by CO2 laser irradiation of carbon fibres 

The fabrication of polymer composites using CO2 laser irradiation is discussed; and 

Enhanced out-of-plane electrical conductivity values, on both volume and thickness 

directions, are presented along with the produced composite structures’ Mode-I 

interlaminar fracture toughness. 
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2.1 Introduction 

In this chapter, the literature review of the thesis is provided, starting from the 

exploration of carbon fibres’ history, to carbon nanomaterials that used as 

nanoreinforcements for nanoengineered composites materials. More specifically, 

emphasis was placed on carbon nanotubes (CNTs) and Graphene Nanoflakes (GNFs), 

utilized for hierarchical carbon fibre reinforced polymer composites applications. 

Moreover, alternative routes for the reinforcement of nanoengineered composites were 

discussed, with laser irradiation of fibres to be found as an interesting route for 

hierarchical structures fabrication. This overview includes all the synthesis and 

characterization methods conducted for the reinforced composites, along with their 

mechanical and electrical or thermal properties. 

2.2 Introduction to Carbon Fibres and Carbon Reinforced Polymer Composites 

Carbon fibres (CFs) (diameters of approximately 5–10 micrometers)  are usually 

consisting of long strings of molecules held together by carbon atoms (Figure 2.1). 

The carbon atoms remain bonded together in tiny crystals that are approximately 

aligned parallel to the long axis of the fibre and that crystal arrangement is the reason 

why the fibre is extremely strong for its dimension. CFs present great mechanical 

performance (great stiffness and tensile strength), as well as extraordinary temperature 

tolerance. The most common (90%) precursor that is used for the fabrication of CFs 

is polyacrylonitrile (PAN), whereas the leftover 10% are petroleum pitch based or 

organic rayon precursors. 

The first CF can be found back in 1860, when Joseph Swan developed a design for the 

production of electric light in an evacuated glass bulb, using a filament of carbonized 

paper. However, the poor vacuum and weak electric supply resulted in the creation of 
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a bulb with short lifetime and weak light. Just about 20 years later, in 1879, Thomas 

A. Edison adopted Swan’s device in order to create a lightbulb, utilizing  a CF filament 

consisting of cotton threads or bamboo silvers. Due to the carbonization of the cotton 

threads and bamboo silvers at high temperatures, which consist mostly of cellulose, 

the final filament had poor mechanical properties. In 1958, Roger Bacon managed to 

create high-performance CF from flexible graphite whiskers1, with these CFs 

exhibiting remarkably tensile strength and Young’s modulus with recorded values of 

20 GPa and 700 GPa respectively. Later, in the early 1960s, Dr. Akio Shindo 

developed a procedure, which later would be the start of the new era at the industry of 

CFs, as he managed to create high-performance CFs, utilising PAN precursors. 

 

 
Figure 2.1. Representative scanning electron microscope (SEM) image of PAN CFs. 

 

Composite material is an engineering material made from two or more physically 

distinct phases, whose combination produces a new material with different and 

superior properties to its constituents. A typical composite material is the fibre-

reinforced polymer, which consists of a polymer matrix reinforced with CFs. The 
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polymer matrix encapsulates the fibres, thus protecting them from breaking and 

simultaneously enhancing the mechanical performance of the composite. That 

polymer is often an epoxy resin, however polyester as well as other resins can be 

utilized. One famous example of fibre-reinforced polymer is the carbon fibre 

reinforced composite (CFRP), which consists of CFs and an epoxy resin polymer. 

As expected, CFRP became very widespread in applications where lightweight 

components with multifunctional properties are needed, like aeronautics2, 

construction3, marine4, and wind energy markets5. They are exhibiting exceptional 

strength-to-weight ratio and simultaneously presenting high tensile strength 

performance of approximately 5 GPa and stiffness more than 230 GPa6. However, 

although CFRPs present satisfactory longitudinal mechanical performance, the 

transverse properties of them can be improved further. In CFRP laminates the only 

binding medium is the resin, and consequently there are many unreinforced pure 

polymer regions at the ply interfaces that are causing delamination. As a result, 

different methods have been  used in order to reinforce the composite material in the 

transverse direction. 

One technique of transverse macroscale reinforcement examined was 3D stitching7. 

The stitching basically could be described as a process in which, a needle transferring 

a stitch thread, was inserted into a pile of plies, resulting in the fabrication of a 3D 

structure. However, when stich joints were being created, high levels of CFs’ 

brittleness were detected. In addition, one challenge of this method was to find 

stitching machines, with suitable needles  to penetrate the fabric layers, and keep them 

joined with a controlled and precise way, without actually destroying the stitch knots8. 
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Another 3D interlaminar reinforcement technique that was examined, by composite 

engineers was Z-pinning. Back to 1970s9, very thin steel pins, of approximately 0.25 

mm, were inserted through prepreg laminates in order to reinforce the through-

thickness toughness of the composite materials. However, this specific procedure was 

not adopted immediately by aerospace industry. One reason for this delay,  was related 

to that fact that aerospace industrial needs were focused on large scale components 

manufacturing, and therefore the Z-pinning procedure was neither functional nor cost-

effective for large scale production. However, during 1990s Aztex Inc. (USA) 

developed further the Z-pinning technique by introducing the Ultrasonically Assisted 

Z-Fibre™ (UAZ®). In this procedure, steel, titanium alloy, or fibrous carbon 

composite pins, with diameters of 0.2–1.0 mm, known as Z-Fibres™, were introduced 

through an arrangement of uncured or dry prepregs with the help of an ultrasonic tool. 

Previous research10, showed that Z-pin volume fractions of 0.5% to 4.0% (8-70 Z-

pins/cm2), resulted in Mode-I interlaminar fracture toughness increment of about 50% 

for every 0.5% increase in Z-pin volume fraction. In addition, other methods for 

reinforcement could be found in the literature, such as 3D weaving and braiding.  

However, all these techniques, even though they exhibited great potential for 

interlaminar reinforcement, led to composite structures with large degradation in their 

in plane mechanical performance11,12. More specific, Z-Fibres™ caused fracture of the 

CFs, and created crack initiation sites13, whereas fibre distortion and fracture occurred 

in 3D stitching, decreasing the in plane tensile strength of the composite materials. 

Furthermore, the geometric defects that were formed by 3D weaving led to a 

decrement of the tensile strength of the 3D woven fabricated composites14. For that 

reason, alternative routes for interlaminar reinforcement had to be sought to overcome 

these challenges. 
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2.3 Nanoengineered Composites: An alternative approach for interlaminar 

reinforcement 

Over the past years, the industrial need for advanced materials with improved bulk 

properties led the nanotechnology engineers to investigate alternative routes for 

interlaminar reinforcement. One promising approach with great potential was the 

introduction of nano-fillers (nanoparticles or secondary fibres) into polymer matrices, 

in order to enhance the out-plane performance of the fabricated composite materials, 

without sacrificing the in-plane properties. This method was known in the literature as 

dispersion of nanofillers into polymer matrices (hybrid method). Nanoscale fibres 

were used as secondary reinforcing filaments within a polymer, creating an enhanced 

matrix with increased toughness and strength. Taking one step further the process of 

reinforcement, researchers managed to build multifunctional attributes into matrices 

through a selection of nanofillers with desired thermal or electrical characteristics by 

incorporating them at targeted volume fractions/morphologies15.  

So far, many different forms of nanofillers have been introduced in polymers matrices, 

with carbon nanotubes (CNTs) being the most famous one16–19. Two big categories of 

CNTs were the single-walled CNTs (SWCNTs) and the multi-walled CNTs 

(MWCNTs). Both materials presented great scientific and engineering interest due to 

their high theoretical strength (up to 63 GPa for arc-MWNT), stiffness (up to 950 GPa 

for outer-wall), and aspect ratio20.  

Due to their exceptional thermal21–24 and electrical conductivity25–28, CNTs could be 

perfect reinforcement candidates for the CFRP, whilst combined with their favorable 

mechanical properties, could  introduce a new multifunctional nature to the laminated 

structures. CNTs were used as enhancement agents in composites by dispersing them 

into the polymeric matrix of the composite prior to the resin infusion and that approach 
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improved their interlaminar shear strength29. However, even though CNTs were an 

excellent medium for interlaminar and interfacial reinforcement, rather moderate 

enhancements in composite properties have been accomplished, as result of the 

difficulties in processing and controlling CNTs orientation in the course of 

manufacturing. One big challenge that occurred, when CNTs were dispersed in the 

polymeric matrix was that of agglomeration. The van der Waals forces between the 

nanotubes, resulted in the creation of CNTs agglomerates, preventing in that way their 

homogenous dispersion into the polymer matrix, and as a result many pure resin 

interlaminar regions were left unreinforced30. For that reason, other approaches were 

sought to overcome these challenges, with the CNT-based hierarchical composites 

exhibiting great potential for reinforcement31. 

2.4 Hierarchical Composites reinforced with CNTs 

During the past years, numerous different techniques have been investigated for the 

fabrication of advanced hierarchical composites reinforced with CNTs. The greatest 

research interest was focused on the direct radial growth of the CNTs on the CFs’ 

surface utilizing the conventional chemical vapour deposition technique (CVD). 

Along with the thermal CVD, other processes with great interest could be found in the 

literature as well, such as electrophoretic deposition of CNTs, wet chemical and flame 

method grafting of the CNTs on the CFs, spraying and electro-spraying coating 

techniques, as well as “transfer-printing” of vertical aligned CNTs (VACNT) forests 

on top of prepregs. Recently, plasma enhanced CVD (PECVD) techniques were 

investigated for CNTs growth, including the use of microwave (MW), radio frequency 

(RF), inductively coupled (ICP) and DC glow discharge plasma sources. 
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2.4.1 Directly grown CNTs on CFs via thermal CVD 

The CVD system used for the first time back in 1880s, when Sawyer and Man 

deposited carbons and metals on lamp filaments to increase their lifetime32. As the 

years were passing the CVD method became increasingly widespread, and by1970s 

many different coatings were demonstrated, indicating the extremely rapid  

development of the method. The working principle of this method relies on the 

pyrolysis of hydrocarbon sources (methane, acetylene, ethylene etc.) (usually in 

gaseous form) and their decomposition over a metal catalyst (Fe, Ni, Co, Mo)33 under 

high temperature levels (Figure 2.2).  

 
Figure 2.2. Schematic diagram of a CVD process for CNTs growth34. Reprinted 

from 34, with  permission from Hindawi, according to Creative Commons Attribution 

License.   

 

Milewski and Shyne back in 197135, managed to grow silicon carbide whiskers onto 

the CF’s surface for increased interlaminar shear strength, utilizing a CVD system, 

introducing actually the first approach of  hierarchical structures. Following this 

research, in 1991 Backer and Downs36 used a CVD system to grow micro-carbon 

fibres on the surface of CFs, with ethylene-hydrogen mixture as the selected 

hydrocarbon precursor and Co-Ni catalysts under 600 ℃. Over the years, the CVD 
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method was established as one of the most famous techniques to be used for CNTs 

growth; however, a need for operating parameters’ optimization was born. For that 

reason, the following years, many research works focused on the investigation of 

different CVD parameters’ impact (different substrates, growth temperature, total 

pressure, flow rate conditions) on the morphology and structure of the synthesized 

CNTs37. 

Well-aligned MWCNTs were produced vertically, on SiC fabric by Veedu et al.38, for 

enhancing interlaminar fracture toughness. A satin fabric consisting of micro-fibres, 

approximately 16 μm in diameter, was coated with CNTs on its surface, resulting in the 

creation of a hierarchical structure and consequently mixed with epoxy resin, and 

stacked together in order to fabricate a new composite material. The results exhibited a 

remarkable enhancement in Mode-I interlaminar fracture toughness of 348% on the 3D 

composites, while their flexural strength was increased by 54%. Furthermore, Wicks et 

al.39 managed to succeed interlaminar and intralaminar reinforcement of well aligned 

deposited CNTs on alumina fibre cloth substrates. Ethylene was used as a hydrocarbon 

source and the produced CNTs possessed lengths of 20-30 μm. 

Mathur et al.40 investigated the effect of different CF substrates on the CNTs growth, 

for enhanced flexural strength and modulus of the fabricated hybrid/phenolic 

composites. Their results demonstrated an increase up to 72% in the flexural strength 

and 54% in the modulus of the manufactured composites. The influence of the growth 

temperature and time, as well as gas flow rate on CNTs/CFs hybrids’ tensile strength 

was examined by Zhang et al.41. Using two different types of PAN-based CFs (T650 

and IM7) they showed that working in temperature range below 750 ℃ the tensile 

strength of the T650 fibres could be maintained. However, at higher temperatures, 

significant decrement of ~ 46% on the tensile strength of the hybrid structures was 
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reported. Another study on the T650 CFs was done by Sager et al.42, where the effect of 

CNTs orientation on the CFs was examined as a medium for enhanced interfacial shear 

strength (IFSS). In the case on vertical aligned MWCNTs an increase of 11% was 

reported in the IFSS, whereas the randomly oriented MWCNTs exhibited higher 

increment of about 76%.  However, both orientations exhibited a decrement on the 

ultimate tensile strength of the hybrid fibres up to 37%, attributed by the authors, to the 

thermal degradation and surface oxidation of the CFs, occurred during the CNTs 

growth. 

CNTs were also deposited by Thostenson et al.43 on the surface of CFs, in order to test 

the interfacial strength of the produced composite materials, utilizing a stainless steel 

pre-deposited catalyst, applied through magnetron sputtering on the CF substrates. 

However, an improvement of only 15% (Figure 2.3) in interfacial strength was found 

and this related to the degradation of the CF’s surface due to the high temperatures that 

the steel catalyst needed for the growth of the CNTs.  

 

Figure 2.3. Comparison between single carbon fibre fragmentation test43. Reprinted 

from 43, with permission from AIP Publishing and Copyright Clearance Center. 
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The IFSS of CNTs/CFs hybrids, with respect to the deposited MWCNTs’ orientation 

and length, was studied by Peng et al.44 utilizing an injection CVD system. Their 

results showed that MWCNTs with lengths of about 47.2 μm exhibited a remarkable 

enhancement on the IFSS by 175%. Nevertheless, similar to other studies, this 

research work did not avoid the degradation of the tensile strength of the produced 

hybrids, reporting  a maximum reduction of 39.06%. Kepple et al.45 managed to 

improve the Mode-I interlaminar fracture toughness and the flexural modulus of 

MWCNTs/CFs composites by 50% and 5% respectively, while Lachman et al.46 

reinforced IFSS of the CNTs/CFs hybrid by 20%, followed though by a decrement in 

the tensile strength of the fibres. The effect of CNTs’ length deposited on CFs using 

Ni catalyst at 550 ℃, applied by electroless dip coating, was also investigated by 

Agnihotri et al.47, where pull out tests showed increment of 88% in the pull-out 

strength of the fabricated composites.  Furthermore, Feng An et al.48 fabricated 

CNTs/CFs hybrids via aerosol-assisted CVD (Figure 2.4), reporting reinforcement in 

the IFSS by 94%.   

 
Figure 2.4. Scanning electron microscope (SEM) images of unsized original carbon 

fibre (a), as-prepared CNT/CF (b–d) and high-resolution transmission electron 

microscopy (HR TEM) images of CNTs from detached from CNT/CF (e and f)48. 

Reprinted from 48, with permission from Elsevier. 
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Moreover, Samsur et al.49 suggested an experimental method for more efficient 

coating of the Fe-based catalyst and synthesis of CNTs on the woven CFs used for this 

study. The flexural strength and modulus of the fabricated composite structures 

exhibited an enhancement of 34% and 126% respectively, without maintaining the 

tensile strength of the fibres though, where reduction was reported. In addition, 

fabricated CNTs composites presented  significant reduction on their electrical 

resistivity from 25 Ω m to 0.2 Ω m, revealing great potential for multifunctional 

composite structures. The electrical conductivity of CFRP, reinforced with low 

temperature grown CNTs, was reported by Pozegic et al.50, showing enhanced values 

for in- and out of plane directions of 330% and 510% correspondingly. However, the 

tensile strength of the synthesized hybrids was deteriorated by 9.7%.  

Even though many research works managed to increase significant the IFSS of the 

manufactured composites, the tensile strength of the CNTs/CFs hybrids was usually 

deteriorating in all these works. For that reason, many researchers tried to explore and 

give insight on the reasons, why the in-plane properties of the hybrid fibres were 

degrading. 

A study to identify the reasons for strength loss occurred by Steiner et al.51, examining 

two different methods for aligned and unaligned CNTs arrays growth. In the first 

approach, the CFs were kept tensioned to a fraction of their tensile strength (12%), 

during the CVD technique (temperature >700 ℃-ethylene and hydrogen precursors), 

resulting in aligned CNTs growth with maintained tensile strength and modulus. 

Regarding their second approach, the CNTs were synthesized with CO2-acetylene 

precursors at lower temperature of 480 ℃ (without tensioning), without again 

degrading the tensile strength of the produced hybrids. According to the authors, the 

reduction on the tensile strength and modulus was a result of the mechanochemical 
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reorganization of the CF itself, when growth temperatures were surpassing the critical 

threshold value of 550 ℃ untensioned.  Fuzzy unidirectional CFRP with vertical 

CNTs manufactured via vacuum-assisted resin (VARI) by Li et al.52 ; the single CF’s 

tensile strength, IFSS along with composites’ strength were measured. The growth 

temperature of the radial CNTs was selected at 480 ℃, using an iron catalyst and as 

the carbon source a mixture of CO2/10% C2H2 in Ar. The tensile strength of the fuzzy 

CF hybrids was preserved, while the IFSS was increased by almost 5.7%. When the 

laminated structures were tested a preservation of the tensile strength was reported.  

The reasons behind the strength loss of the CNTs/CFs hybrids were investigated also 

by Kim et al.53. According to them, the coating of the catalyst and the nanoparticles’ 

formation were mainly responsible for the deteriorated tensile strength of the hybrids. 

The coating process of the catalyst found to create an amorphous area underneath the 

CFs’ surface, which was easily penetrated by the catalytic nanoparticles, resulting in 

alternations on the CF’s graphitic layers. All these defective changes on the CFs’ 

surface caused the compromised tensile strength of the grown hybrid fibres. 

Furthermore, according to the authors, the CVD method not only was the reason for 

the tensile strength loss, but a healing mechanism during the process happened, in 

which the hydrocarbon sources healed the damaged surface from the catalyst coating, 

acting like bridges between the graphitic layers of the CFs’ surface (Figure 2.5). 
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Figure 2.5. Degradation and healing mechanisms of CFs during the CNTs/CFs 

hybrids’ fabrication53.  Reprinted from 53, with permission from ACS Publications. 
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2.4.2 Electrophoretic deposition of CNTs on CFs 

The process, where charged colloidal particles in a stable suspension are traveling 

through the liquid medium due to existence of an electric field (electrophoresis-first 

phase) and deposited on a 

conductive electrode 

(second phase), which is 

oppositely charged, is 

called electrophoretic 

deposition (EPD). EPD 

process (Figure 2.6) 

consists of two 

phases/steps as described earlier and can be considered a straightforward and cost-

effective technique. It should be noted that deposition occurs only on conductive 

surfaces; however, EPD process is capable of infiltrating surfaces that are not 

conductive54. 

Bekyarova et al.55 managed to deposit  CNTs on CFs via EPD for the first time, 

utilizing low temperatures. Two different forms of CNTs were selected: i) SWCNTs 

and ii) MWCNTs, where the synthesis of MWCNTs was done using a CVD system. 

In order to disperse the MWCNTs in aqueous solution, carboxylic acid was utilized, 

which helped the dispersion procedure. For the fabrication of the composites, vacuum-

assisted resin transfer molding (VARI) was utilized.  Their results demonstrated an 

increase of about 30% in the interlaminar shear strength of the produced composites. 

A MWCNTs/CFs hybrid composite structure produced by Moaseri et al.56 through 

EPD of acid-functionalized MWCNTs on CF surface followed by soaking in a 10% 

Figure 2.6. Schematic illustration of EPD process54. 

Reprinted from 54, with permission from Elsevier. 
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solution of petroleum pitch in toluene, and consequently pyrolyzed in N2 environment. 

Their results showed a total coverage of the CFs’ surface by the MWCNTs, which led 

to reinforcement of the tensile strength and elastic modulus by 120% and 100% 

respectively. Following this research work, Moaseri two years later suggested an 

alternative method trying to examine the effect electrostatic repulsion, where after the 

EPD of MWCNTs on CFs, a high direct electric field was applied to align radially the 

CNTS into plates around the CFs57. The fabricated composites possessed improved 

tensile strength and the elastic modulus by 157 % and 70 %, respectively, when 

compared to the reference samples. 

Sui et al.58 utilized a continuous EPD method to deposit oxidized CNTs on the CFs’ 

surface, creating a transition layer in the interface between the CFs and resin matrix. 

From the results acquired, the IFSS, interlaminar shear strength (ILSS), flexural 

strength and modulus were increased by 33%, 3.3%, 10.5%, 9.4% and 15.4% 

correspondingly. Along with these reinforcements, an enhancement of about 4.5% was 

observed in the residual bending strength of the fabricated composites. Moreover, 

Awan et al.59 investigated the ILSS and flexural strength of functionalized 

MWCNTs/CFs composite, which were deposited with EPD. The results showed an 

increase on the ILSS and flexural strength of 18% and 15% respectively. 

The IFSS of SWCNTs/CFs hierarchical composites were assessed by Xue et al.60 via 

EPD. Except the SWCNTs composites, to enhance the interface between the 

nanotubes and the CF, they added a hexahapto-metal complex, Cr(CO)6, to the 

electrophoretic system, resulting in the fabrication of a new SWCNTs/Cr(CO)6/CF 

hybrid composite. It should be noted that by applying different levels of voltage during 

EPD technique, the orientation of the SWCNTs was changing, observing randomly 

oriented SWCNTs at low voltages, vertical SWCNTs forests at medium voltages and 
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dense networks of SWCNTs randomly orientated at high voltages. The results of the 

tensile strength tests showed a remarkable improvement of 193% of the 

SWCNTs/Cr(CO)6/CF sample, when compared to the reference samples, whereas the 

composite structures without the Cr(CO)6 an increase of 175% when benchmarking it 

with the reference one. Furthermore, thermogravimetric analysis (TGA) 

measurements performed, exhibiting improved heat resistance of the 

SWCNTs/Cr(CO)6/CF samples, attributed to the addition of Cr element from the metal 

complex. According to the authors, the Van der Waals forces were replaced by a 

chemical complexation bond binding between the CNTs and the CFs and that made 

the interface stronger. 

A combined EPD with sizing technique was explored by Zhang et al.61 to produce 

MWCNTs/CFs composites. After the deposition of the MWCNTs on the surface of 

the CFs, the hybrids were sized by polyether ether ketone (PEEK) polymer agent. IFSS 

increased by 35.6%, and the dynamic contact angle was enhanced significantly to 

47.08º, when compared to as purchased CFs that had a contact angle of 97.05º. Lee et 

al.62 deposited using EPD, copper (Cu) particles at the same time with CNTs on CFs, 

for enhanced electrical properties and ILSS. The reported improvement on the 

electrical conductivity and ILSS was 50% and 15% respectively. Yan et al.63 as well 

deposited via EPD, Cu particles along with CNTs for the synthesis of a Cu-CNTs/CFs 

composite with reinforced thermal conductivity and IFSS. Their results showed 

improvement of 292% on the composites’ thermal conductivity, while their IFSS 

increased by 39.5%. Gong et al.64 developed an EPD protype for continuous 

fabrication of CNTs/CFs hybrid fabrics. Their results exhibited improvement on the 

flexural strength and ILSS of the produced composites up to 9%. 
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General, it is obvious that like an alternative to the conventional thermal CVD method 

for CNTs growths, the EPD method was not only deteriorating the in plane properties 

(tensile strength) of the fabricated composite structure, but actually reinforced them 

remarkably at some cases with improvement values reaching the scale of 193%60. 

Along with these significant reinforcements, many research works managed to build 

in the composite structures, multifunctional attributes (thermal and electrical 

conductivity)60,62,63. 

2.4.3 Wet chemical grafting of CNTs on CFs  

The hierarchical reinforcement of CFRP with wet chemically grafted CNTs was 

introduced by He et al.65 in 2007. They managed to covalently graft CNTs on a treated 

with acyl chloride CFs’ surface, end cap functionalized, with hexamethylene diamine 

(HMD), MWCNTs. Their results were validated through X-ray photoelectron 

spectroscopy (XPS) and SEM analysis. Likewise, Zhang et al.66 created a hybrid 

composite structure with enhanced IFSS by 150%, via a nucleophilic substitution 

reaction among the CNTs’ amine groups at the end caps, and the acyl chloride groups 

of the CF’s surface. The three critical parameters that led to this reinforcement 

according to the authors, were the Van der Waals binding forces, the surface wetting 

and the mechanical interlocking mechanisms. Another research work, which included 

chemical grafting of MWCNTs on CFs was done by Karapappas et al.67. They 

examined two different chemical treatments of the CNTs examined, one in an acid 

solution (H2SO4/HNO3) and one in toluene. The results showed that the CFs’ diameter 

did not changed after the chemical treatments; however, the grafted MWCNTs did not 

cover the whole CFs’ surface. 
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Laachachi et al.68 suggested a chemical grafting of CNTs on CFs, which included the 

oxidation of both CNTs and CFs prior to the process. Firstly, the CNTs were 

synthesized using a thermal CVD system, and consequently were treated with a 

mixture of sulfuric acid and nitric acid, to create carboxylic groups on CNTs’ surface. 

After that, the CFs’ thermal oxidation took place in an oven at 600 ℃ for 1 hour under 

N2 constant flow. Then, the CNTs dispersed in different solvents (acetone, 

dimethylformamide-DMF, toluene) and ultrasonicated for 1 hour. It was found that 

the grafting process using acetone solvent demonstrated the best results. 

Similarly, Peng et al.69 produced CNTs/CFs hybrids using a chemically grafting 

process (Figure 2.7), in order to enhance the interfacial mechanical performance of 

the produced composite material. Initially, the CFs were coated by an extremely thin 

film of poly-amido-amine (PAMAM) dendrimer followed by the grafting procedure 

of the CNTs. The produced CNTs/CFs hybrids composites showed a rapid increase in 

interfacial shear strength by 111%, which was determined through micro-bond tests. 

This noteworthy enhancement was attributed to the good adhesion of CNTs on CFs, 

but also to the hierarchical morphology constructed when the CNTs were grafted on 

the CFs, introducing a stronger mechanical interlocking mechanism between the 

matrix and the hybrid fibres. 
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Figure 2.7. Hierarchical reinforcement composed of CNT and CF; (b) schematic of 

grafting procedures70. Reprinted from 70, with permission from Royal Society of 

Chemistry (RSC). 

 

A layer by layer grafting technique for increasing the IFFS of CFRP reinforced with 

CNTs, was reported by Zhao et al.71. The reinforced composites exhibited enhanced 

IFFS up to 117.7%, while their impact strength improved up to 49.8%. It should be 

noted that single fibre tensile strength tests did not show any decrement on the strength 

of the fibres. Wu et al.72 grafted CNTs on CFs utilizing as coupling agents poly 

(acryloyl-chloride) (PACl), via a two-step process, in which after the initial CNTs 

grafting onto CFs, the hybrid fibres were further grafted with undecylenic alcohol 

(UA), to achieve stronger biding forces between the CF and the unsaturated polyester 

(UP) used for the fabrication of the laminated structures. The ILSS of the laminates 

increased by 44.5%,  reference samples, while the impact toughness improved as well. 

Similar, Yongqiang and Chunzheng73 grafted CNTs using PACl as coupling agent, 

reporting enhancement on the both ILSS and impact toughness by 44.5%, while 

Lavagna et al.74 reinforced the stiffness, tensile strength and ultimate tensile strain by 

50%, 30% and up to 527% respectively, of CNTs/CFs polyvinyl butyral (PVB) based 

composite tapes. 
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In summary, the chemical grafting of CNTs on CFs was examined by many research 

groups, with the reinforcements in ILSS and impact toughness being satisfactory, but 

not as effective as in the EPD and CVD method. It should be noted, that in most of the 

cases a mixture of H2SO4/HNO3 was used as the CNTs’ oxidation medium and PACl 

as the coupling agent. 

2.4.4 Alternative routes for CNTs fabrication on CFs:  spraying and 

electrospraying, flame and PECVD processes 

Many alternative techniques for CFRP’s reinforcement can be found in the literature, 

when compared to the methods discussed in the previous sections. One of them is the 

direct spraying of the CNTs on CFs’ surface. The spray coating technique includes a 

straight-forward three step procedure: i) the dispersion of CNTs in a solvent , ii) 

spraying of the produced solution onto the CFs and iii) removal of the solvent sprayed, 

by evaporation, so only the CNTs remain on the CFs’ surface. 

Davis et al.75 deposited amine functionalized SWCNTs (a-SWCNTs) onto CF cloths 

using a solvent spraying technique76. The tensile strength and Young’s modulus of the 

produced composites were tested, demonstrating improvement up to 9.7%, 19.4% 

respectively. The tension-tension (T-T) fatigue resistance of the CFRP examined as 

well, with the results showing that the durability of the composites was enhanced as 

well.  

Along these lines, Tharke et al.77 examined the Mode-I interlaminar fracture toughness 

of SWCNTs/CFs composites. Two types of CNTS were sprayed in the mid-plane of 

these laminates, bare SWCNTs (P-SWCNTs) and the functionalized ones (F-

SWCNTs). The toughness results showed an increase of about 6.30% for the P-
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SWCNTs and 0.56% on the initiation fracture toughness, when compared to the 

reference samples, without the addition of CNTs in their interlaminar region. 

Utilizing a modified spray coating method, Barua et al.78 deposited CNTs on CFs 

cloths for enhanced mechanical properties. This method included an ultrasound 

assisted atomizer, spraying a CNTs-DMF solution on CFs fabrics, placed onto a hot 

plate operating at 80 ℃, inside a custom-made spray deposition chamber. Their results 

exhibited enhancement of 25% on the flexural strength of the composites, which was 

attributed to the better binding forces between the polymer matrix and the roughened 

surface of the  CNTs/CFs hybrid fibres.  

Moreover, the interlaminar fracture toughness and damage mechanisms of CFRP 

prepregs reinforced with CNTs’ spray coatings were investigated by Almuhammadi 

et al.79, reporting a reinforcement of 17% in toughness. Zhang et al.80 made an in-situ 

electrical damage sensing study, during interlaminar shear tests of CFRP, reinforced 

with CNTs via spray coating. Their results showed no enhancement in the interlaminar 

shear strength of the produced composite materials, which were attributed by the 

authors to the low concertation of CNTs inside the laminates and the fact that the 

CNTs’ deposition occurred only in plies and not in individual fibres. After in-plane 

and through-thickness electrical resistivity measurements, it was found that the second 

one, was more effective for health monitoring under specific loading conditions.  

Furthermore, Lee et al.81 used a simple spray coating technique to graft CNTs on CFs 

for improved CFRP’s tensile strength. A solution of CNTs/PAN was sprayed onto CFs 

fabrics and the CNTs were grafted on the CFs using a thermal treatment at 300℃. The 

produced composites, showed an improvement of about 22% in their tensile strength, 

attributed to the obstruction of the crack’s propagation due to the presence of the CNTs 
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around the CFs. Gong et al.82 examined the CNTs’ effect on the electromagnetic 

interference shielding (EMI SE) of CFRP prepregs, reinforced with CNTs. The CNTs 

were deposited on the CFs through dry spray coating, and the ILSS tests showed an 

enhancement on the composites’ shear strength, for CNTs loading lower than 3.0 g/m2. 

The EMI SE of the fabricated laminated structures increased by approximately 20%. 

The mechanical properties of polyethylene CFRP reinforced by spray coating of CNTs 

(Figure 2.8) were examined by Hu et al.83. The tensile and flexural strength of the 

fabricated composite showed an increase of 70.62% and 40.38% respectively when 

the CF content was 25%, while the Vickers hardness increased as well up to 25%, 

when benchmarking them with the reference samples.  

 
Figure 2.8. Schematic illustration of the process conducted for the polyethylene 

CFRP: (a) spraying coating process and (b) laminated sample fabrication process83. 

Reprinted from 83, with permission from Elsevier. 

The electrospraying method (ESD) includes the direct spraying of a fine aerosol onto 

a surface, made-up from a liquid or suspension, operating under an electric field. It 

should be noted that ESD technique is a straightforward technique, possessing 

satisfactory potential for CNTs deposition.  
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Li et al.84 reported through a parametric study that the effect of the applied voltage, 

substrate temperature and CF layout  could play a critical role in the electrospraying 

technique conducted for CNTs’ deposition onto CFs. Following this work, the same 

research group examined the interfacial strength of CFRP reinforced with deposited 

CNTs using the same method85. Their results demonstrated a significant increment in 

the IFSS of the single CFs tested, of approximately 124%, while their tensile strength 

and the Weibull modulus maintained at the same values as the reference fibres. 

According to the authors, the increased surface energy due to the CNTs’ deposition, 

enhanced the bonding forces between the CFs and the epoxy matrix. Moreover, 

Tansan86 managed to increase the Mode-I and Mode-II interlaminar fracture toughness 

of the SWCNTs/CFs composites up to 20% and 29% respectively, while the flexural 

properties of the same materials reinforced by 12%. 

Another approach for fabrication of hierarchical reinforced CFRP is the flame method. 

In this approach within a flame rich in carbon source, metallic particles are introduced, 

where combining this carbon-metallic environment with high temperatures associated 

with the flame, CNTs are being fabricated87–93. Du et al.94 investigated of this flame 

synthesis approach, trying to understand the bonding forces the CFs and the CNTs, 

with their study showing that both catalyst ions and type of catalyst affecting the 

CNTs’ growth mechanism. Following this work, they flame synthesized CNTs onto 

CF woven cloths, to reinforce the interlaminar fracture toughness of the produced 

composites. The CNTs were grown inside an ethanol flame (500-700 ℃), using NiCl2 

as a catalyst95. Their results showed an increase of about 67% and 60% in the 

composites’ Mode-I and II interlaminar fracture toughness. With a third work 

investigating the flame method96, they managed to fabricate CNTs/CFs composites, in 
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low temperature ethanol flames this time (< 450 ℃) for enhancing not only the 

interfacial properties 

of the composites, but their electrical conductivity as well. The in-plane and out of 

plane electrical conductivity was increased by almost 170% and 70% correspondingly, 

while the IFSS of the hybrid fibres by 70%. It should be noted that throughout single 

CF tensile measurements, it was found that the tensile strength of the fibres remained 

unaffected. 

One more method to reinforce the CFs with hierarchical architectures on them is the 

PECVD approach. However, even though there are some research works in the 

literature examining the growth of CNTs on different substrates97–105, not many studies 

for structural composite applications exist. Recently, Zhang et al.106 investigated the 

interface adhesion of CFRP reinforced with CNTs via mw-PECVD. The precursor 

used for the deposition was a mixture of methane with hydrogen (CH4/H2), while 3 

different growth were examined: i) 5 min, ii) 10 min and iii) 15 min. The temperature 

and the mw frequency selected at 450 ℃ and 915 MHz respectively. The tensile 

strength of the hybrid fibres was assessed through single CF tensile strength 

measurements, where the results demonstrated a reduction up to 13.75% and 6% in 

the tensile strength and modulus respectively. However, the IFSS of the fabricated 

composites was enhanced significantly up to 153% as the growth time was increasing. 

This performance attributed by the authors in the increased density and length of the 

CNTs, observed in higher growth times, leading to better mechanical interlocking 

behaviour between the hybrid fibres and the epoxy resin matrix. 

Overall, the conventional thermal CVD approach possessed the lion’s share of CNTs 

growths on CFs. Even though some techniques, like electrophoretic deposition or wet 

chemical grafting, showed results with great potential for interfacial and interlaminar 
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reinforcement, none of them was more efficient, and/or straight-forward method than 

the CVD one. However, the thermal CVD method demonstrated most of the times 

large sacrifices on the in plane mechanical properties of the hybrid fibres, where large 

reductions up to 46% were reported for the tensile strength of the single CNTs/CFs 

hybrids. For that reason, many recent research works were focused on alternative to 

CNTs hierarchical reinforcements, such as graphene.  

2.5 Hierarchical Composites reinforced with Graphene 

Graphene is a different form of carbon, which consists of one only layer of sp2-bonded 

carbon atoms in hexagonal arrangement. Because of its exceptional electrical 

conductivity as well as its physical and chemical stability, graphene is a material with 

great potential structural composites, where enhanced mechanical properties 

combined with multifunctional attributes, like electrical and/or thermal conductivity 

were needed. In the literature can be found a lot of research works focusing on 

different types of graphene for composites’ reinforcement agent, such as graphene 

oxide (GO) and reduced GO (rGO), graphene nanoplatelets (GNPs) or nanopetals, 

nanowalls (GNWs) or nanoflakes (GNFs). 

Mannov et al.107 examined the compressive strength after impact damage in CFRP and 

glass fibre reinforced polymer (GFRP), with thermally reduced graphene oxide 

(TrGO) particles being dispersed in their polymer matrix. The prepreg laminates 

fabricated utilizing the filament winding technique, while the dispersion of the TrGO 

particles occurred through a three-roll mill. Their results demonstrated an increase on 

the CFRP’s and GFRP’s compressive strength, of 19% and 55% respectively. Another 

study utilizing TrGO for reinforced mechanical performance of CFRP was done by 

Cho et al.108. The coating of the TrGO onto the CFs was achieved by annealing a low-
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cost polymer (shellac) at a temperature range of 400-700 ℃. The focus of this work 

was to examine the flexural strength and ILSS of the manufactured composites, with 

the results showing an increase of 152% and 60% correspondingly. The enhancement 

in the mechanical performance of the composites was attributed to the TrGO’s 

wrinkled nature, which led to higher surface area and consequently to better coupling 

between the polymer matrix and the hybrid fibres. 

The effect of the GO coating via ultrasonically assisted EPD on the ILSS of CFRP 

materials was investigated by Deng et al.109. From the short beam tests, an 

enhancement of about 55% was observed in the ILSS of the fabricated composites, 

attributed to the improved surface free energy of the hybrid fibres. Ning et al.110 

utilizing a simple technique managed to reinforce the interlaminar fracture toughness 

of CFRP, introducing a GO reinforced epoxy interleaf in the mid-plane of the 

fabricated laminates. The results showed a significant increase in the Mode-I 

interlaminar toughness fracture and resistance of 170.8% and 108% respectively.  

Along these lines, Wang et al.111 examined both IFSS and tensile strength of CFRP 

reinforced with GO deposited onto CFs via EPD. The reported IFSS was increased by 

69.87%, while the tensile strength by 34.58% when compared to the reference samples 

without the GO reinforcement. Zhang et al.112 grafted directly GO on CFs, which led 

to an improvement of 36.4% of the IFSS of the produced composites, while Kwon et 

al.113 synthesized a hybrid GO/CNTs/CFs material utilizing EPD, reporting a 

reinforcement of 10% on the short beam strength and a significant increase in the 

through thickness electrical conductivity by 1400%.  

Taking advantage of the interaction effect between GO and polyaniline, Cheng et al.114 

developed reinforced CFRP with enhanced ILSS and electrical conductivity up to 76% 
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and 150% respectively, whereas the crack growth stability was improved by Wang et 

al.115, utilizing polydopamine (PDA) and GO coatings onto CFs, through Mode-I and 

II measurements. In addition, Yao et al.116 made a comparison study between the 

CNTs and GO coatings’ effect on both IFSS and ILSS of fabricated composites 

(Figure 2.9). The IFSS of the composites was increased by 89.4% and 63.1% for 

CNTs and GO coatings, while the ILSS followed the same trendline, where 

improvement of 58.58% and 55.04% was observed respectively.  

 

Figure 2.9. Schematic illustration of the (a) CFs/epoxy, (b) CNTs/CFs/epoxy, and (c) 

GO/CFs/epoxy116. Reprinted from 116, with permission from Elsevier. 

 

Likewise, Zhang et al.117 investigated the mechanical and thermal performance of both 

CFRP and GFRP, reinforced with pristine graphene and GO nanoflakes.  Improvement 

on the tensile modulus, compressive strength and flexural modulus up to 15%, 34% 

and 40%, was observed, in the case of GO nanoflakes, while  results with pristine 

graphene demonstrated increase as well, by 11%, 30%, and 34% respectively. The 

thermal conductivity of the manufactured reinforced CFRP was enhanced also by 42% 

for pristine graphene addition on the polymer matrix, whereas by 52% with addition 

of GO nanoflakes. The enhanced improvement of the mechanical and thermal 

performance of the CFRP reinforced with GO nanoflakes, when compared to the ones 

reinforced with pristine graphene, was attributed to the functional groups of the GO 

edges, which provided a more effective heat flux. 
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Shen et al.118 investigated the mechanical properties of CFRP reinforced with GNPs. 

Their results demonstrated an increase up to 20%, with low GNP contents (0.25%), 

while the flexural strength presented increased values (up to 19% ) in higher GNP 

contents (1.5%). Moreover, during fatigue life tests, the results showed that the life of 

the reinforced composites was improved from 1.21 to 5.39 times, when benchmarked 

to the reference laminates. The interaction effect between GNPs and MWCNTs on the 

mechanical properties of the fabricated CFRP was examined by Wang et al.119, where 

the tensile and flexural strength, the initial Mode-I toughness, as well as the ILSS of 

the reinforced composites, were increased up to 33.7%, 17.5% , 40% and 100% 

respectively. According to the authors this enhancement on the mechanical properties 

of the manufactured composites was attributed to the entangling of the GNPs by the 

CNTs, and therefore to the gap filling between the GNP’s interlayers. The mechanical 

and electrical properties of CFRP reinforced with GNPs was assessed by Qin et al.120. 

In this research work, using a continuous coating method, the CFs coated with high 

density GNPs (Figure 2.10). The flexural strength on 90º and 0º, as well as the ILSS 

of the reinforced composites were measured and compared with the bare ones. The 

flexural strength on both directions was improved by 52% and 7%, while the ILSS by 

19%. The through electrical conductivity of the reinforced composites was increased 

also, by 165%, attributed by the authors to the new conductive paths the GNPs 

provided to the fabricated CFRP.  
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Figure 2.10. SEM observations of the bare and hybrid GNPs/CFs. (a),(b) bare CFs, 

(c),(d) GNPs/CFs hybrids120. Reprinted from 120, with permission from Elsevier. 

 

2.5.1 Direct growth of graphene nano-species on CFs via PECVD methods 

Along these lines, Kostagiannakopoulou et al.121 tested the effect of graphene nano-

species on the Mode-I interlaminar fracture toughness of the produced CFRP, with the 

samples containing 0.5 wt% GNPs, demonstrated 51% increment in the Mode-I 

toughness. The thermal resistance of graphene petals/CFs hybrids and their 

composites were measured through a 3-omega (3ω) process by Anurag Kumar et 

al.122. The main objective of this work was to determine the influence of the petals in 

the thermal resistance through the interface of the produced composite materials. The 

growth of the petals on the surface of the carbon fibres was achieved via a mw-PECVD 

system operating at 300 W, using as precursor a CH4/H2 mixture with a total flow rate 

of 60 sccm. The recorded results showed that there was a decrease in thermal 

resistance, which attributed to the large surface area that the petal growths provided to 

the hybrids, leading to stronger connection of the CFs and the polymer matrix. 
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Moreover, the thermal conductivity of the hybrid fibres improved from 0.3 W/mK to 

0.4 W/mk.  

Chi et al.123, deposited GNWs on CFs, in order to test the interfacial strength of single 

GNWs/CFs hybrid composites (Figure 2.11). The growth was done directly, utilizing 

a rf-PECVD system, operating at 750 ℃ and 250 W, using a methane precursor. From 

the fragmentation tests that were carried out, it was found that the IFSS of the 

GNWs/CF composites was increased significantly, by 173%, which attributed to the 

strong and stable mechanical interlocking between the network of the GNWs and the 

polymer.  

 

Figure 2.11. SEM observations of CFs. (a), (b) and (e) GNWs/CFs hybrids, (c) bare 

CFs, (d) schematic illustration of GNWs, , and (f) Raman spectra of unsized and hybrid 

CFs123. . Reprinted from 123, with permission from Applied Physics Letters (APL). 

 

Additionally, Wang et al.124 managed to deposit GNWs directly on CFs via a rf-

PECVD, to access the mechanical performance of the produced composites. The IFSS 

was tested through single CF fragmentation tests. It should be noted that prior to 

GNW’s deposition, the sizing of the CFs was removed with an acetone reflux process 

.The RF power of the system was selected at 250 W, while the growth temperature 

was maintained at 750 °C. CH4 and H2 were used for the GNWs growth at ratio of 1:1, 
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and five different growth times were selected at 0, 15, 30, 45, 60, and 90 min. From 

the single CF fragmentation tests, it was found that the IFSS and ILSS of the produced 

GNWs/CF composites presented an enhancement of 228.8% and 41.1%, where 

compared to the bare CF composites (Figure 2.12). These reinforcements were 

attributed to the strong mechanical interlocking between the GNWs and the polymer 

matrix. However, it was noted that the tensile strength of the hybrid fibres deteriorated 

by the GNWs growth up to 9.4%, which according to the authors was due more to the 

sizing removal prior to deposition rather than the PECVD method itself, which showed 

a repairing effect to the hybrids. 

 
Figure 2.12. a) IFSS, b) ILSS of the produced GNWs/CF composites124. Reprinted 

from 124, with permission from MDPI, according to Creative Commons Attribution 

License. 

 

Utilizing a low-temperature rf-PECVD Sha et al.125 deposited directly GNWs onto 

CFs for CFRP with increased IFSS.  The temperature for the GNWs’ growth was 

selected at 400 ℃, with a rf plasma power of 1000 W. Their results demonstrated a 

maximum increase of 118.7% on the IFSS of the hybrid composites, while their tensile 

strength was slightly degraded. The mechanical performance of the produced 

composite structures was credited to the increased surface roughness and wettability 

of the produced GNWs,  and the preservation of the tensile strength to the relatively 
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low temperature (400 ℃) used for the GNWs’ growth. In summary, hierarchical 

reinforcement of CFRP with graphene demonstrated great potential for structural 

applications. Especially the recent works on GNFs, seem to surpass the greater 

challenge that was occurring on the CNTs fabrication with CVD methods, which was 

the deterioration of the in-plane mechanical properties of the hybrid fibres.  

2.6 Alternative routes to produce hierarchical nanoengineered composites: laser 

irradiation of CFs’ surface for hierarchical textures fabrication 

The utilisation of pulsed lasers for the surface modification of CFRP composites in 

joining applications, has gained increasing attention in the last decade127–130. Being a 

non-contact technique, laser treatment of CFs diminishes mechanical failure and 

evades tool wear and surface contamination, which are common problems 

encountered with mechanical methods such as abrading131 and blasting methods132. 

However, reducing the heat affected zone (HAZ) in CFs, induced by the thermal nature 

of the laser/material interactions remains an obstacle. In this context, ultrafast lasers 

working in the picosecond or femtosecond regime are the most efficient for CFRP 

surface texturing and improving adhesive bonding between CFRP parts in terms of 

Mode I and II fracture energy133–135, since the HAZ and mechanical degradation on 

the CFs are minimal.  

In the literature,  could be found a few research works, showing different formations 

of structures on the CF surface. Sajzew et al.136 investigated the formation of laser-

induced periodic surface structures (LIPSS) on CFs as a function of polarization, 

examining both linear and circular polarization using a fs-laser source. Kunz et al.137 

managed to fabricate laser-induced periodic surface structures (LIPSS) on CFs as a 

function of different laser peak fluences and number of laser pulses. However, even 
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though they managed to increase the surface roughness of the treated CFs none of 

them ever tested any mechanical or electrical properties of the irradiated fibres. 

Engelkemeier et al.138 showed the influence of the sp2/sp3 carbon ratio of the CF’s 

surface, generating carbon nanostructures on the CFs, utilizing a pulsed YVO4–fibre-

laser. However, except the formation of the nanostructures, no other applications 

tested for the produced samples. 

So far, the irradiation of CFs with commercially available CO2 or Nd:YVO4 laser 

beam sources have focused on intense laser conditions suitable for cutting of the CFs 

rather on inducing surface texturing. Blaker et al.139 used a nanosecond pulsed laser 

beam, to treat CFs for unduloid-reinforcing fibres fabrication with tailor-made 

dimensions. Their results demonstrated a significant reduction on the CFs’ tensile 

strength up to 75%, while the IFSS accessed through pull out tests showed a substantial 

increase by 7 times (Figure 2.13), when compared with the reference samples. It 

should be noted that the Young’s Modulus of the irradiated fibres was not deteriorated 

as much as the tensile strength of them, having 17% lower values than the control 

fibres. 

 
Figure 2.13. Pull out tests micrographs of (a) reference CFs and (b) irradiated CFs. 

(c) load-displacement curves for both control and irradiated fibres139. Reprinted from 
139, with permission from ACS. 
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Overall, the laser texturing of CFs for the fabrication of hierarchical structures is a 

recent development, and thus there are not so many works for multifunctional 

structural applications. However, from these few works that exist so far, this method 

demonstrates a great potential for future research.  Especially, the CO2 laser induced 

surface modification of CFs is a straight-forward one step scalable method, when 

compared to conventional CVD or solution-based methods employed to modify CFs; 

it eliminates complicating time-consuming processing steps; hence, it is economically 

viable and can be easily commercialized using widely available CO2 lasers. More 

detail about this technique will be provided in Appendix A,B of this thesis. 
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Table 2.1 Comparative table of studies that have been done on CFRP, where the GIC, 

GIIc and tensile strength (σ) of the fabricated composites were investigated. 

 Reinforcement 
Synthesi

s method 
GIC  GIIc  

Tensile 

strength 

(σ) 

Ref. 

1 MWCNTs CVD +50% - - (45) 

2 CNTs 

Non-

covalent 

functionaliza

tion and low 

temperature 

CNTs 

growth 

- - 
Preservatio

n 
(52) 

3 

SWCNTs, 

SWCNTs/C

r(CO)6 

EPD - - 
+175%/+19

3% 
(60) 

4 a-SWCNTs Spraying - - +9.7% (75) 

5 
SWCNTs, 

P-SWCNTs 
Spraying 

+6.30%/0.6

5% 
- - (77) 

6 

functionaliz

ed 

MWCNTs 

Spraying +17% - - (79) 

7 CNTs Spraying - - +22% (81) 

8 SWCNTs 
Electrosprayi

ng 
+20% +29% - (86) 

9 CNTs 
Flame 

method 
+67% +60% - (95) 

10 GO interleaf Interleaving +170.8% - - (110) 

11 CNTs/GNPs 

Dispersed 

into the 

matrix 

+100% - 33.7% (119) 

12 GNPs 

Dispersed 

into the 

matrix 

+51% - - (121) 

This 

work 
GNFs rf-PECVD +93.8% 

+43.28

% 
+2.31% - 
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3.1 Introduction 

In this chapter, the experimental procedures used for the direct growth of GNFs on 

CFs, utilizing mw-PECVD and rf-PECVD systems is discussed, along with the CFRP 

lamination process. Likewise, the CO2 texturing laser technique is described. In 

addition, all the techniques used for structural characterization, like surface 

morphology and crystallization level investigations are discussed in depth. Moreover, 

mechanical (single CF tensile strength, IFSS tests, composites’ tensile strength, Mode-

I and Mode-II interlaminar fracture toughness measurements) and electrical (electrical 

conductivity measurements) characterization methods utilized are described, followed 

by the underlying theory (equations) and schematic illustrations. Furthermore, all the 

materials used for this thesis are quoted as well. 

3.2 Materials 

Polyacrylonitrile based sized (PAN) carbon fibre (Torayca T700SC, denoted as TCF 

in Appendix A,B) tows consisting of 12,000 fibres were supplied from Toray (JP). 

These purchased fibres had a 1.2 wt% sizing (Bisphenol A epoxy + Unsaturated 

polyester) designed for epoxy and polyester matrices. Each fibre had a circular cross-

section with a diameter of about 7 μm. In addition, 3k plain CF weave (Pyrofil TR30S 

3K) and unidirectional unwoven carbon fibre (UD) (TR50S 15K, Mitsubishi Chemical 

Corporation, Tokyo, Japan, denoted as PCF in Appendix A,B) cloths were purchased 

from Easy Composites Ltd (UK), with textile weight of 100 g m-² and 210 g m-² 

respectively. Glass fibre plain fabric (290 g/m2 areal weight purchased from Easy 

Composites Ltd, UK) was used for fabricating the end tabs for the CFRP tensile 

strength tests. All gases used in this study (N2, Ar, CH4) were purchased by BOC UK. 

The conductive silver paint (PELCO Conductive Silver Paint) used for the electrical 
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conductivity measurements was supplied by Agar Scientific Ltd. All copper tapes that 

used for the electrical conductivity measurements were supplied from Agar Scientific 

Ltd. The epoxy resin system that was selected for the fabrication of CFRP laminates 

was an IN2 Epoxy infusion resin with an AT30 slow hardener from Easy Composites 

Ltd, with an epoxy to hardener ration of 100:30. The cure process lasted 24 hr at room 

temperature, and after the initial curing, the CFRP were post cured for 6 hr at 60 °C, 

in accordance with the manufacturer’s guidelines. An Araldite epoxy adhesive glue 

supplied from Huntsman International LLC (USA) was used for mounting the glass 

fibre reinforced polymer (GFRP) end tabs on the CFRP sides. 

3.3 Direct growth of GNFs on CFs via mw-PECVD 

The synthesis of GNFs was conducted in a 1.5 kW (ASTEX), 2.45 GHz, SEKI 

Technotron mw-PECVD system (SEKI Technotron Ltd, Japan) with N2 and CH4 as 

the primary feed gases (Figure 3.1 and 3.2).  

 

Figure 3.1. Schematic illustration of mw-PECVD system. 
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The microwave generator was connected to the system’s cylindrical chamber through 

a rectangle waveguide, leading the microwaves to a quartz window, positioned on the 

top of the chamber, introducing them in that way into the chamber. The microwave 

power generated by the source, was matched by the help of an external 3-stub tuner 

by adjusting the position of each tuner, minimizing with that way the reflected power 

back to the transmitter. The vacuum system included a rotary pump, which could 

evacuate the chamber to a base pressure of about 5 10-3 Torr. All the samples 

introduced to the chamber, were placed on a molybdenum sample holder (Mo) (Figure 

3.2), onto the graphitic heating stage of the system. The stage could be raised up to 62 

mm towards the upper part of the chamber, using an external electrical controller. The 

temperature of the graphitic holder was increased using rf-inductive heating, attaining 

a maximum temperature of approximately 1000 ℃. It should be noted that this type 

of heating allows high ramp rates of about 55-60 °C/min. The precursor gases (N2 and 

CH4), were introduced and controlled through mass flow controllers, supporting flow 

rates from 1 to 100 standard cubic centimetre per minute (sccm). 

 

Figure 3.2. Photographs of the mw-PECVD system. (a) mw-PECVD chamber, (b) 

Mo holder with mounted deposited CF yarn. 
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3.4 Direct growth of GNFs on CFs via rf-PECVD 

The direct growth of the GNFs was performed using a rf-PECVD, in order to achieve 

large coating areas needed for laminate structures, which could not be achieved with 

the mw-PECVD . The synthesis of  GNFs was conducted in a PT-O1200-4C rf-

PECVD system, supplied from Zhengzhou Protech Technology Co. Ltd (Zhengzhou 

City, China) with Ar and CH4 as the primary feed gases (Figure 3.3). The rf generator 

output power was 0-1000 W adjustable with ± 1% stability, operating at a rf frequency 

of 13.56 MHz ± 0.005% stability. In contrast with the mw-PECVD system, the rf one 

did not need an external 3-stub tuner, as it had an automatic matching system. The 

plasma generated via the rf generator was guided through the furnace across a 

horizontal quartz tube. The tube furnace was operating at continuous temperature up 

to 1100 ℃, having a heating rate of max. 20 ℃/min. The vacuum system consisted of 

a rotary vane pump that could achieve ultimate vacuum of about 10-3 Torr. Moreover, 

the primary gases (Ar and CH4) were controlled via four precision mass flow meters, 

ranging from 0 to 500 sccm. 
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Figure 3.3. Photograph of rf-PECVD system. Photo showing the plasma on the 

system. 

3.5 Texturing of CFs using CO2 laser irradiation 

The laser system used for texturing of the CF’s surface (Figure 3.4)  was a carbon 

dioxide (CO2, VersaLASER® VLS2.30, Universal Laser Systems, Inc.) laser that 

produces intense invisible laser radiation at a wavelength of 10.6 microns in the 

infrared spectrum, operating at a maximum power of 25 W and maximum scan speed 

of 126 cm s-1. The focusing of the laser system was happening prior to the sample’s 

irradiation with the help of the calibrated focus tool provided with the system’s lens 

kit.  During the laser process, some key parameters that had to be determined for 

controlling the laser irradiation on the sample surface: 

i. The pulses generated per linear inch travel,  known as PPI (pulses or points per 

inch) 

ii. The laser’s output power  
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iii. The scan speed - The rate upon which the laser’s head was travelling across 

the substrate’s surface. 

iv. Focusing of the laser spot on the sample surface - Irradiated area. 

These parameters were taken into consideration for calculating the laser’s fluence 

defined below as: 

 
Fluence =

power

scan speed ∗ PPI ∗ area
 (3.1) 

where, “area” indicates the spot size area of the laser beam1–4. The spot size area of 

the laser beam was assumed as a rectangle, having as its length the diameter of the 

spot size (per pulse) (76 μm) and as width the CF’s diameter (7 μm). The scan speed 

of the laser was fixed at 48.5 cm s-1, and 1000 PPI value was selected during the 

irradiation. 

 

Figure 3.4.  Schematic illustration of the CO2 laser texturing process. 

 

 

Carbon fiber

CO2 laser
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3.6 Field emission electron scanning microscopy (FE SEM) 

Field emission scanning electron microscope (FE SEM) generates magnified images 

of a sample’s surface by scanning it, in a raster configuration, with a focused beam of 

high or low electron energy. Its principle of operation is similar to a scanning electron 

microscope (SEM)5, but with main difference the way of how the electrons are 

generated, as in FE SEM, a field emission gun is used in higher vacuum conditions, 

providing higher resolution and clearer images6. Moreover, the great energy range of 

FE SEM, enables working at low potentials, helping in that way to minimize the 

charging effect on samples that are not conductive. 

During the sample’s surface scanning, a large range of signals are produced (Figure 

3.5), such as secondary electrons (SE), reflected or back-scattered electrons (BSE), 

characteristic X-rays, cathodoluminescence (CL), Auger electrons, Bremsstrahlung 

X-rays, and transmitted electrons6–8. In the case of SEM, two kinds of electrons are 

usually detected BSEs and SEs. Each one of these signals as it understandable is giving 

different kind of information about the sample that is scanned. For example, SEs are 

an outcome of the inelastic interactions among the electron beam and the sample’s 

surface. Thus, SE signals are providing more comprehensive surface information on 

the scanned sample. On the other hand, BSEs are reflected back after the elastic 

interactions between the electron beam and the sample, giving more detailed 

information from deeper regions of the sample. 

The FE SEM used in this thesis, was a Schottky SU5000 from Hitachi (Hitachi Ltd, 

Tokyo, Japan). The system uses a ZrO/Schottky emitter, with accelerating voltage 

range of 0.5-30 kV, adjustable with 0.1 kV step. It should be noted that the detector 

used for SE electrons was an Evehart Thonley one. 
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Figure 3.5. Type of electrons (e-) during SEM scanning. 

3.7 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique typically utilized to measure 

vibrational energy modes of samples9. It should be noted that rotational and additional 

low-frequency modes of materials could be detected as well. Raman spectroscopy is 

generally providing both chemical and structural information and can identify 

chemicals substances via their characteristic Raman ‘fingerprint’. The technique 

depends on the Raman scattering, which is an inelastic scattering of photons. A laser 

generated monochromatic light, that can be in several ranges like visible, near infrared 

or near ultraviolet is utilized. The light generated interrelates with the vibrations of the 

molecules, phonons, or other excitations in the system, resulting in either redshifts or 

blueshifts of photon’s energy. Typically, with the help of lens, the electromagnetic 

radiation coming from the illuminated spot is gathered, and subsequently sent to a 

monochromator. The radiation can be elastically or inelastically scattered. In the case 

of the elastic scattering (Rayleigh scattering), the frequency of the incident radiation 
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is the same as the scattered one, while in inelastic scattering (Raman scattering) the 

two frequencies are different9–11. Therefore, the radiation scattered can have either 

lower (Stokes) or higher (Anti-stokes) frequency (Figure 3.6). 

 

Figure 3.6. Schematic illustration of Raman scattering procedure. 

 

When carbon materials are characterized with Raman spectroscopy, the spectrum 

presents a large quantity of bands. More specifically, the characteristic bands that can 

be found in these materials are: D, G, D΄ and 2D12–14. The D band is due to the presence 

of defects such as distortion, vacancies and strain in graphitic networks arising from 

finite crystallite size and is associated with transverse optical (TO) vibrations near the 

K point. The G band is representative of sp2 bonding and originates from first-order 

Raman scattering. The 2D band results from a double resonance Raman process. The 

knee in the G band (D′), is a band indicative of finite graphite crystals and graphene 

edges. Both the appearance of sharp D and distinctive D′ peaks are characteristic 

signatures of GNFs and are associated with the prevalence of graphene edge defects15 

(Figure 3.7). 
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The Raman system used for this thesis was a Renishaw Invia Qontor system 

(Renishaw plc, Gloucestershire, Wotton-under-Edge, UK), operating at excitation 

wavelength of 532 nm (RL532C laser source).  

 

Figure 3.7. Representative Raman spectra of (a) bare CFs and (b) mw-PECVD 

deposited GNFs on CFs. 

It should be noted that, Raman spectra result from scattering of light by vibrating 

molecules, whereas infrared spectra (IR) result from light absorption by vibrating 

molecules. Moreover, Raman activity results from change of polarizability of a 

molecule, whereas IR activity results from changing dipole moment. Additionally, the 

Raman spectra is a result of resonance phenomenon, and that is why it gives stronger 

spectra for carbon nanomaterials, when compared to the weak ordinary spectra of IR. 

That was the reason why in this thesis Raman spectroscopy was selected instead of IR 

spectroscopy. 

3.8 Characterization of single bare and hybrid GNFs/CFs  

3.8.1 Single bCFs and GNFs/CFs tensile strength measurements 

Tensile tests on single carbon fibres were performed on a Deben Ltd Microtester 

(Figure 3.8) with a load cell 5N. Young’s modulus, ultimate strength and failure strain 

were determined according to ASTM C 1557 – 0316. The motor-speed was selected at 
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0.1 mm/min and the amount of time between each data acquisition at 100 ms. The 

Microtester was controlled by the Deben MICROTEST software version 6.3.30. The 

tensile strength of the fibre was calculated as follows: 

 
T =

F

A
 

 
(3.2)  

where, T (Pa) is the tensile strength, F (N) is the force to failure and A (m2) is the 

fibre’s cross-sectional area at fracture plane (normal to fibre axis). The fibre’s cross-

sectional area (A) was calculated as follows: 

 A = π
d2

4
 

 

(3.3) 

where, d (m) is mean diameter of coated fibre. The strain, ε, of the fibre was calculated 

by: 

 ε =
Δl

l0
 

 

(3.4) 

where, Δl (mm) is the elongation of the gage length, and l0 (mm) is the gage length. 

The Young’s modulus of the fibre was calculated from the slope of the linear region 

of the stress-strain curves. 

 

Figure 3.8. The experimental set-up (Deben UK) used for the single CF tensile 

strength measurements. 
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3.8.1.1 Preparation and testing of specimens 

A single fibre, carefully separated from the GNFs/CF yarn, was fixed at the centre axis 

of a window paper holder (200 gr A4 paper) by mounting its ends, using a 

cyanoacrylate adhesive (Loctite 401). The carbon fibre was aligned with the axis of 

the crosshead of the tester with great care, in order to accomplish a uniform stress state 

over the cross-section of the fibre. Once the sample was secured, both sides of the 

paper holder were cut carefully at the mid-gage as shown in Figure 3.9, leaving the 

fibre freestanding between the clamps, and then tensile test began. 

 

Figure 3.9. Schematic illustration of the mounting paper for single fibre tensile 

strength measurement.  
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3.8.2 Single CF fragmentation measurement 

The interfacial shear strengths (IFSS) of bare (bCF) and hybrid GNFs/CFs with epoxy 

matrix were also evaluated by Single Fibre Fragmentation Tests (SFFT). Dog-bone 

shape model-composite specimens consisting of a single fibre aligned carefully in the 

middle the resin, were prepared and tested. A silicone rubber mould (Figure 3.10) was 

used for the preparation of the specimens. The fibres were stabilized on the pins of the 

mould with the aid of a superglue; then the mould was filled with a two-part epoxy 

resin system, and the specimens were cured for 2 h at 60 °C. 

 
Figure 3.10. Silicon rubber mould used for the fabrication of single fibre model 

composites specimens.  

 

After curing, the specimens were left to cool down to room temperature before 

removing them from the mould. Subsequently, a post-curing cycle was performed at 

120oC for 1.5 h, following cooling down to ambient conditions. Subsequently, their 

surface was subjected to sequential sanding with 800, 1000, 1200, 2400 and 4000 grit 

sandpapers and polishing with a 3 μm diamond paste. The specimens were ready for 

microscopic characterization when the fibre was at approximately 0.2 mm from their 
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surface. It should be noted that the dog-bones were tested using a custom made 

minitester, equipped with 10 lbs, 100 lbs and 1000 lbs load cells (Figure 3.11a).   

During the fragmentation test, these specimens were loaded to tension, with a loading 

rate of 0.1 mm/min, up to approximately 6 % strain using a custom-made horizontal 

tensile testing stage, which was placed under the optical microscope (Leica DM-

4000M) (Figure 3.11b). All the coupons were loaded at incremental strain levels until 

saturation. Each experiment was paused every 0.2% of applied strain, and the 

fragments of the CFs were measured from the birefringence patterns via polarized 

optical microscopy. Five samples were tested for each category, and each fibre 

diameter was evaluated before testing by averaging at least 10 optical measurements 

along its active length.  

During SFFT testing of a model-composite specimen, the stress is transferred by the 

resin to the CF through the interfacial region. As the externally applied load increases, 

the CF breaks into increasingly smaller fragments at locations, where the CF axial 

stress reaches its tensile strength. This fragmentation process is continued by further 

stressing of the specimens until reaching saturation, whereby all the CF fragments are 

too small to reach their tensile strength for further fragmentations to occur. The mean 

fragment length, 𝑙𝑓, is the average fragment length achieved at the saturation stage and 

is used for the calculation of the critical length 𝑙𝑐, through the equation 𝑙𝑐=4/3 𝑙𝑓. Then, 

the IFSS () can be calculated by using the Kelly and Tyson model17:  

 τ = (σf 2⁄ )(d lc⁄ ) (3.5) 

 

where σf is the tensile strength of the fibre at the critical length lc and d is the diameter 

of the fibre. For the calculation of the strengths of the CF and the GCF-2 at the small 
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values of the critical lengths observed during SFFT a Weibull analysis was performed 

using the Weibull distribution function: 

 
P = 1 − exp [−L (

σ

σ0
)

m

] 

 

(3.6) 

where σ is the applied stress, σ0 is a scale parameter, and m is the dimensionless 

Weibull modulus. By rewriting this equation in the linear form, we can plot the ln(-

ln(1-P)) against ln(σ); then the Weibull modulus was calculated from the slope of the 

curve while the scale parameter was estimated from the value of the intercept through 

equation: 

 
σ0 = e−

Intercept
m  

 

(3.7) 

The probability of failure was calculated in this study by the maximum likelihood 

estimator (P=σ-0.5/n), where σ is the failure stress of each CF and n is the number of 

tested CFs.  After evaluating the Weibull shape and scale parameters, the fibre strength 

at the short critical lengths observed during SFFT, were calculated according to the 

following equation18: 

 
< σ >=  σ0L−1

m⁄ Γ(1 + 1
m⁄ ) 

 

(3.8) 

where Γ is the gamma function. 
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Figure 3.11. The experimental set-up used for the Single Fibre Fragmentation Tests 

(SFFT). (a) The custom-made, horizontal tensile stage, (b) placed under the Leica DM-

4000M polarized optical microscope. 

 

3.9 Electrical conductivity measurements on single hybrid GNFs/CFs and 

GNFs/CFs yarns 

Electrical conductivity measurements were carried out on the GNFs/CF yarns and 

single fibres, via a Keithley 2611B system source (Figure 3.12) meter utilizing two 

probes. Conductive silver paint was placed at the edges of the yarn and copper tape 

was placed above the silver paint providing in this way a more uniform and conductive 

contact between the crocodile clips and the carbon fibre yarn. For the calculation of 

the electrical conductivity the following equation was used: 

 σ = G
L

A
 (3.9) 

where σ is the electrical conductivity (S/cm), L is the length between the two contacts, 

G is the conductance (S) and A is the cross-sectional area (cm2). 

In Figure 3.12 a CF yarn is being illustrated during the measurement. It should be 

noted that for the single CF electrical conductivity measurements, the mounting paper 
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that used for the single CF tensile strength test was used (Figure 3.9), to maintain the 

single fibre under tension during the test. The only difference was that the adhesive 

used on the two edges of the single fibre during the tensile strength test, was not 

utilized on the conductivity test, with the copper tape directly coming in touch with 

the fibre’s edges. This change was implemented due to the insulating nature of the 

adhesive used, as it would have created problems during the conductivity test. It should 

ne noted that even the samples were tested multiple times, in order to have a 

representative mean value of the electrical conductivity, the contact resistance was not 

considered in the calculation of the electrical conductivity. However, the 

measurements were performed in many samples and multiple times and no big 

difference was observed in their electrical conductivity. 

 

Figure 3.12. Electrical conductivity set-up. A CF yarn mounted and  ready to be tested 

with the Keithley 2611B source meter. 



 

96 
 

3.10 CFRP lamination process 

The CFRP laminates were fabricated following a vacuum-assisted resin infusion 

(VARI) (Figure 3.13). A crucial part of the procedure is the evacuation, or 

elimination, of the air from the porous material prior to the resin introduction. VARI 

procedure encompasses a number of assets, when compared to other conventional 

lamination processes (wet lay-up, prepreg, hot press lamination, filament winding, 

etc.), such as (i) lower tooling costs, (ii) less air voids due to the infusion process, (iii) 

room temperature curing, and (iv) capability of large-scale and multipart components 

fabrication. The resin to hardener ratio was 100:30. The resin amount was calculated 

according to the following equation and was estimated as 150 gr. 

Resin consumption (grams) = ( 
Fibre weight

1.5
 +  mesh weight) + 100 (3.10) 

 

Furthermore, post curing of the samples was performed inside a vacuum oven at 60 

°C for 6 hours, following the instructions of the manufacturer of the epoxy resin 

system. The set-up for the VARI process included a small pump (EC.4 Compact 

Composites Vacuum Pump, Easy Composites Ltd, UK), a release film (R120 P3 

Perforated Release Film 1.50m, Easy Composites Ltd, UK) that helped the laminated 

structure to release easily after the process, a peel ply (PP180 Economy Peel Ply 

1.52m, Easy Composites Ltd, UK), an infusion mesh (FM100 Infusion Mesh 1.05m, 

Easy Composites Ltd, UK) that ensured that the epoxy resin flow path was kept 

uniform under full vacuum and a vacuum bag (VB160 Vacuum Bagging Film 1.52m 

LFT, Easy Composites Ltd, UK). The vacuum bag was sealed utilizing a gum sealant 

tape (ST150 Vacuum Bagging Gum Sealant Tape 15m, Easy Composites Ltd, UK) 

that could sustain temperatures up to 150 ℃.  

 



 

97 
 

 

Figure 3.13. Schematic illustration of VARI process. 

3.11 Mechanical characterization of CFRP composites 

3.11.1 Mode-I interlaminar fracture toughness measurements 

Mode I interlaminar fracture toughness was measured using the double cantilever 

beam (DCB) method in accordance with ASTM D5528-1319 specifications. The 

geometry and dimensions of a DCB specimen is shown in Figure 3.14. 

 

Figure 3.14. Schematic of the specimen for the Mode I test. L represents the overall 

length of the specimen, w the width, h the thickness and a0 the initial 50 mm pre-crack. 

The photo shows specimens ready to be measured.  
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A non-adhesive vacuum bag film (VB160 Vacuum Bagging Film 1.52m LFT, Easy 

Composites Ltd, UK), which was 70 mm long and 0.1 mm thick, was inserted at the 

beam mid-plane to initiate a delamination. It should be noted that the initial pre-crack 

(a0) should be around 50 mm with the length of the piano hinges included. A Universal 

Instron loading machine (Model 5500R, Instron, USA) was used to apply a tensile 

force at a constant displacement rate of 1 mm/min to piano hinges attached to the 

specimen. The maximum load cell that used for the experiments had capacity of 2 kN. 

The applied force (P) and crosshead displacement (δ) were recorded and the crack 

length (a) was measured using a travelling USB camera. The crack on the laminate 

was calculated with the help of ImageJ software (Java-based image processing 

software developed at the National Institutes of Health and the Laboratory for Optical 

and Computational Instrumentation, LOCI, University of Wisconsin20). A small 

metallic ruler (15 cm total length) was previously placed on the one clamp of the 

Instron system to act as a scale, as it can be seen in Figure 3.15. 

 

Figure 3.15. Representative snapshot during the Mode-I test. 
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For clearer observation of the crack growth, the samples were painted with white 

colour. The recorded values were then used to calculate the GIc values along the DCB 

specimen using the modified beam theory (MBT) method. The beam theory 

expression for the strain energy release rate of a perfectly built-in (that is, clamped at 

the delamination front) double cantilever beam is as follows: 

where, P = load, [N], δ = load point displacement, (mm), b = specimen width, (mm) 

and a = delamination length (mm). 

However, this method underestimates the compliance (C=δ/P) as the beam is not 

perfectly built in. A means of correcting this effect is to apply a slightly longer 

delamination length of a + |Δ|. The |Δ| is found experimentally by plotting the cube 

root of compliance (C1/3) against delamination length (α). The extrapolation of a linear 

fit through data, yields |Δ| as the x-axis intercept. The delamination propagation values 

from Mode-I pre-crack were used for the linear fit data. In addition, large displacement 

correction (F) was applied for all specimens, which contributed significantly if the δ/P 

ratio was larger than 0.4. This method of calculating GIc is known as corrected beam 

theory (CBT). All initiation and propagation values were calculated according to: 

 GIc
=

3 P δ

2 b (a+|Δ|)
F (3.12) 

3.11.2 Mode-II interlaminar fracture toughness measurements 

This test method describes the determination of the Mode-II interlaminar fracture 

toughness, GIIc, of the produced laminates under Mode-II shear loading using the end-

notched flexure (ENF) test in accordance ASTM D7905/D7905M-1421 specifications 

(Figure 3.16). 

 GIc
=

3 P δ

2 b a
  (3.11)  



 

100 
 

 

Figure 3.16. End-notched flexure (ENF) specimen, fixture and dimensions21. 

 

A non-adhesive vacuum bag film, which was 75 mm long (ai) and 0.1 mm thick, was 

inserted at the specimen mid-plane to initiate a delamination. It should be noted that 

the final fracture test happened at a precrack (a0) of 30 mm. A Universal Instron 

loading machine (the same used for Mode-I tests, described with details in subsection 

3.11.1 Mode-I interlaminar fracture toughness measurements) was used to apply a 

tensile force at a constant displacement rate of 0.5 mm/min. During the test, the applied 

force (P) and crosshead displacement (δ) were recorded. It should be noted that Mode 

II measurements included two different tests on the same sample. The first test is being 

called non-precracked test (NPC test) and the second one precracked test (PC test). In 

the first approach (NPC test), the crack developed throughout the NPC test, made the 

precrack that used for the PC test. On both tests compliance calibrations (CC) had to 

be determined as the standard was suggesting. The first CC test was then performed 

with a crack length, a, equal to 20 mm, following the procedure defined in the standard. 

The specimen was then repositioned to a = 40 mm, and finally repositioned again in 

the fixture so that a0 = 30 mm, which was the last CC test and was called fracture test. 

Hence, three total CC have taken place, as it can be seen as well from Figure 3.16 (the 
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three red lined CC marks, beneath the left roller of the system). On the third CC test 

(a0 = 30 mm ) the sample was loaded until the delamination developed, as it could be 

visually detected on the specimen (3-5 mm crack length), or by a drop in the load on 

P vs δ graph. After the NPC test, the new crack tip was marked with a pen in order to 

start the PC test (Figure 3.17). The same procedure was used in order to evaluate the 

CCs for the PC test as well.  

 

Figure 3.17. Representative end-notched flexure (ENF) specimen during precracked 

PC testing. 

 

Subsequently, the three NPC compliances were plotted versus the cubed value of the 

crack length; the three compliances from the two CC tests (at a = 20 and 40 mm) and 

from the fracture test (a0 = 30 mm). At each crack length, the compliance was assessed 

through a linear regression analysis to obtain the slope of the δ versus P data. For the 

two CC tests, this regression analysis included all data for which P was larger than or 

equivalent to 90 N, including the peak force used during the test. For the fracture test, 

the regression analysis (curve-fit) included all data for which the force was larger than 

or equivalent to 90 N and less than or equivalent to 50% of the maximum force from 
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the fracture test. The CC coefficients, A and m, were determined using a linear 

regression analysis of the C vs a3 data: 

 C = A + ma3 (3.13) 

where A and m are the CC coefficients or, more specifically, A is the intercept and m 

is the slope obtained from the regression analysis. The PC CC coefficients were 

evaluated with the same way as the NPC CC ones. The calculation of the Mode-II 

interlaminar fracture toughness for both NPC and PC test was determined using the 

following equation: 

 GIIc
=  

3 m Pmax 
2 a0

2

2B
 

 

 

(3.14) 

 

where m is the CC coefficient, Pmax is the maximum force from the fracture test a0 is 

the crack length used in the fracture test (30 mm) and B is the specimen width. 

3.11.3 Tensile strength measurements  

For the tensile strength measurements of the CFRP specimen, the equations used for 

the calculation of the experiment’s key parameters (tensile strength and strain, 

Young’s modulus) were the same as the ones described with details in section 3.8.1 

(Single bCFs and GNFs/CFs tensile strength measurements-Equations 3.2, 3.3 and 

3.4). The system used for the tests was the one utilized in section 3.11.1 (Mode-I 

interlaminar fracture toughness measurements), the Instron 5500R, with the only 

difference that the load cell of the machine was selected at 100 kN instead of 2 kN. 

For better accuracy of the displacement monitoring, an external extensometer (Model 

3542, Epsilon technology corp, USA) was used (Figure 3.18), avoiding in this way 

any possible errors that could occur during the measurement originating from the 

sliding effects on the gripping area of the samples. For the better gripping of the 
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specimen, GFRP end tabs were used, thus avoiding any damage that could occur at 

that area by the compressive forces that developed by the grips of the machine. The 

fabrication of the end tabs was done following the procedure, discussed analytically 

in section 3.10 (CFRP lamination process). 12 layers of glass fibre plain fabric (plain 

wave fabric with 290 g/m2 areal weight purchased from Easy Composites Ltd, UK) 

were utilized, and the final thickness of the tabs was about 3 mm. The tabs were 

mounted to the sides of the CFRP specimen using an epoxy adhesive glue. 

 

Figure 3.18. Representative CFRP specimen during tensile strength test. Onto the 

specimen, it can be observed the attached external extensometer. 
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3.12 Electrical conductivity measurements on CFRP samples 

The electrical conductivity measurements on CFRP samples followed the 

methodology described in section 3.9 (Electrical conductivity measurements on single 

hybrid GNFs/CFs and GNFs/CFs yarns). The source meter used was the same as in 

section 3.9 as well. In plane and two different out of plane measurements (out of plane 

through volume conductivity and out of plane through thickness conductivity) were 

carried out in order to investigate the electrical conductivity of the fabricated 

laminates. The different probe contacts for each case can be seen at Figure 3.19. It 

should be noted that for better contact between the crocodile clips of the source meter 

and the CFRP specimens, the CFRP’s surface was polished slightly with the help of a 

file tool. After the polishing, conductive paste was placed, and above it, copper tape 

stripes. 
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Figure 3.19. Schematic illustration of electrical conductivity probe contacts. (a) in 

plane conductivity, (b) out of plane through volume conductivity and (c) out of plane 

through thickness conductivity. 
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4.1 Introduction 

The deposition of GNFs onto CFs for the enhanced mechanical properties of the hybrid 

fibres (tensile strength, interfacial strength) and their fabricated composites (tensile 

strength, Mode-I & II interlaminar fracture toughness) has been reported in the 

literature by only a few research works so far1–3; still CFs’ surface modification with 

GNFs is an almost new and unexplored terrain with large technological interest, as 

described analytically in Chapter 2 of this thesis. 

This surface modification/roughening by growing directly hierarchical GNFs onto 

CFs, includes many advantages, including the elimination of any metal catalyst. Since 

the deposition procedure does not require a catalyst, it is likely that the tensile strength 

of the hybrid fibres can not only be preserved but reinforced as well. This could be 

attributed to the fact that the CFs are not subjected to harmful chemical treatments for 

better bonding between the catalyst and the CF4, and to high temperatures for long 

durations that the conventional CVD methods require. Additionally, the elimination 

of catalyst makes the manufacturing process much easier and straight-forward 

compared to the methods used so far for the production of CNTs. Moreover, the 

distribution of load-bearing graphene sheets is not uniform but rather creates a gradient 

of layers, with the number of layers being highest at the base and gradually lower at 

the top5–7. Such a graded interface emulates biological systems, which rarely exhibit 

discrete boundaries between two systems of vastly different mechanical properties. 

This biomimetic graded interface8 could effectively transfer load between the matrix 

and the fibres and reduce stress concentrations. The hybrid structure exhibits high 

porosity and robustness, which are beneficial for ensuring efficient infiltration of resin. 

Because of their robust structure, GNFs are more likely to retain their shape under the 

action of forces generated by the resin infusion process, in contrast to CNTs. Finally, 
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the direct contact of GNFs and CF at the GNFs/CF interface minimizes Ohmic contact 

resistance, facilitating efficient out-of-plane electrical transport9,10, hence giving rise 

to multifunctional capabilities. 

As mentioned earlier,  in the literature only a few works can be found reporting the 

direct growth of GNFs onto CFs via PECVD for enhancing the mechanical properties 

of either hybrid structures or their composites. Even though some of these works 

showed remarkable increased IFSS on the fabricated composites1, none of them 

reported increase on the tensile strength of the hybrid fibres, prior to the epoxy resin 

introduction. In addition, in these works, there was not an examination of other 

properties except the mechanical ones, leaving with this way the potential for 

multifunctionality unexplored. 

For the above reasons, in this thesis radially grown GNFs on CFs as reinforcing 

interface for polymer composites was investigated. The deposition of the GNFs was 

succeeded via a mw-PECVD, in contrast with the rf-PECVD that can be found on the 

literature so far. The reason why a mw-PECVD was selected instead of a rf-PECVD, 

relies to the very short deposition times that were needed for the GNFs growth (less 

than 5 min), in contrast to the large deposition times needed by rf-PECVD (usually 

30-60 min). The grown structure was observed via FE SEM micrographs, where the 

uniformity of the coatings was observed via Raman spectroscopy.  

By tailoring the synthesis parameters, so that minimal thermal loading is imposed on 

the CFs, the tensile strength of the original CFs was enhanced in the GNFs/CF hybrid, 

which is first reported here11. Additionally, with the GNF growth, an increase in 

interfacial strength with the epoxy matrix was observed and is hypothesized to arise 

from both the increased surface roughness and the robust adhesion of GNF to the 
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carbon fibre surface, attained by the energetic nature of the plasma deposition. 

Furthermore, the multifunctionality of GNFs on CFs was demonstrated by showing 

interfacial reinforcement and enhanced electrical properties. 

4.2 Experimental Section 

4.2.1 Materials 

The materials used for this chapter can be found analytically at Chapter 3: Materials 

and Methods, Section 3.2: Materials. 

4.2.2 Direct Growth of GNFs on Carbon Fibres by Microwave Plasma Enhanced 

CVD 

The synthesis of graphene nanoflakes (GNFs) was conducted in a mw-PECVD system 

(Chapter 3, Section 3.3: Direct growth of GNFs on CFs via mw-PECVD) with a 

mixture of N2 and CH4 as the primary feed gases (60% nitrogen in methane) (Chapter 

3, Section 3.3, Figure 3.1). Three different microwave powers were selected: 500, 

800, and 950 W. The total time of the procedure was kept at 5 min. Prior to deposition 

the samples were etched with N2 plasma for 2 min. The GNFs growth time was kept 

at 3 min. In the following chapter, GCF-1 denotes the GNFs/CF hybrid fibres 

fabricated at a growth temperature of 600 °C and microwave power of 500 W (600 °C 

at 500 W). Similarly, GCF-2 was fabricated at 600 °C and 800 W (600 °C at 800 W), 

GCF-3 was fabricated at 600 °C and 950 W (600 °C at 950 W), and GCF4 was 

fabricated at 300 °C and 800 W (300 °C at 800 W). After the deposition the samples 

were cooled in a constant N2 flow of 50 sccm. It should be noted that the mw-PECVD 

system is a low-pressure deposition system. For that reason, the samples were placed 

inside a sealed vacuum chamber, and after the desired pressure achieved, the heating 
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process started. One of the advantages of this system is that the heater can operate 

extremely fast with a heating rate of about 55-60 °C/min. So, after max. 10 min the 

desired temperature of 600 °C was achieved. Then, the striking process of the plasma 

started. The total procedure of GNFs growth was 5 minutes, including 2 minutes of 

N2/Ar etching and 3 mins of CH4 deposition. Due to the long life time of the 

microwave system in order to strike the plasma, it was necessary to have Ar flow 

inside the chamber initially, and then gradually change the Ar flow to N2 very fast (~1 

min). 

4.2.3 SEM Observations of GNFs/CF Hybrid Yarns 

The as-grown samples were observed with a field emission scanning electron 

microscope FE SEM (Chapter 3, Section: 3.6 Field emission electron scanning 

microscopy (FE SEM)), operated at an accelerating voltage of 15 kV and 20 kV. 

Photos were acquired along the yarn to determine possible changes at the grown 

morphology.  The samples were extremely conductive and for that reason no 

additional metal coating was needed. 

4.2.4 Raman Characterization of GNFs/CF Hybrid Single-Fibres and Yarns 

Raman characterization was used to evaluate uniformity of the grown GNFs, using an 

excitation wavelength of 532 nm at a Renishaw Invia Qontor system (Chapter 3, 

Section: 3.7: Raman spectroscopy). 

4.2.5 Single Fibre Tensile Strength Measurement of GNFs/CF Hybrids  

The tensile strength of the as purchased and GNFs/CF hybrids was measured through 

single fibre tensile strength measurements (Chapter 3, Section 3.11.3: Tensile 

strength measurements). 
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4.2.6 Interfacial Shear Strength (IFSS) Measurement of Single-Fibre GNFs/CF 

Hybrids 

The effect of the grown GNFs on the interface of CFRP was assessed through single-

fibre fragmentation test (Chapter 3, Section 3.8.2: Single CF fragmentation 

measurement). 

4.2.7 Electrical Conductivity (σ) of GNFs/CF Hybrid Single-Fibres and Yarns 

The electrical conductivity of both single CF and yarns were examined to see if our 

material possessed enhanced electrical properties due to the GNFs growth (Chapter 

3, Section 3.9: Electrical conductivity measurements on single hybrid GNFs/CFs 

and GNFs/CFs yarns). 

4.3 Results and discussion 

4.3.1 SEM Observations of GNFs/CF Hybrid Yarns 

The morphology of the GNFs on carbon yarns was characterized by FE SEM (Figure 

4.1). Surprisingly, it was found that at the low growth temperature of 300 °C (GCF-4) 

the nanoflakes were uniformly radially erected from the CFs surface (Figures 4.1i, 

4.1j), whereas at the higher temperature of 600 °C (GCF-2, Figures 4.1e, 4.1f) and 

higher plasma power of 950 W (GCF-3, Figures 4.1g, 4.1h), the nanoflakes were 

assembled in a spherule-like morphology with a diameter of approximately 0.5−2 μm. 

Similar spherule-like morphology was observed on as-purchased unsized CF yarns 

under identical deposition conditions, indicating that their formation is not related to 

the sizing or type of carbon fibre.  
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Figure 4.1. Observations on the morphology of the grown GNFs on the CFs: SEM 

photographs of (a-b) bare (bCF) and GNFs/CF hybrid yarns: (c-d) GCF-1 (500 W @ 

600 °C), (e-f) GCF-2 (800 W @ 600 °C), (g-h) GCF-3 (950 W @ 600 °C) and (i-j) 

GCF-4 (800 W @ 300 °C).  

 

Figure 4.2 provides lower and higher magnification images of spherules’ formation 

on the unsized carbon fibres. They seemingly are made of a network of interconnected 

GNFs of slightly different heights, giving rise to the distinctive spherule-like 

morphology. The GNF spherules are coalesced into a continuous coating covering the 

CF surface. Their growth most probably is related to increased nucleation sites both 

on the initial and subsequent growth stages, at high power conditions (800-950 W). In 

the case of GCF-1 (500 W @ 600°C), although spherules were distributed throughout 

the carbon surface, they were not vividly apparent due to their small size (Figures 

4.1c-d). The highest growth rate was observed for GCF-2 (~ 1.10 μm thick), when 

compared to other hybrids (GCF-1: ~ 280 nm, GCF-3: ~ 315 nm and GCF-4: ~ 65 

nm). At the same time the length of graphene flakes in GCF-2 sample (Figures 4.1f) 

was the largest among the four hybrids (Figures 4.1d, 4.1f, 4.1h, 4.1j), providing an 

increased amount of gaps between the flakes, which corroborates with the lowest ID/IG 

ratio (=1.23) observed in the Raman results (Figure 4.5b). Similarly, a good 

agreement was observed between the graphene network density and the ID/IG ratio. 

The GCF-3 (950 W @ 600°C) demonstrated a higher network density than GCF-2, 

accompanied by a higher ID/IG ratio 1.72. The GCF-1 (500 W @ 600°C), exhibited the 

highest network density, which was reflected by the highest ID/IG ratio of 2.00. 
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Figure 4.2. SEM micrographs of unsized CF coated with GNFs possessing a spherule-

like morphology grown at 800 W @ 600 °C. 

 

4.3.2 Raman Characterization of GNFs/CF Hybrid Single-Fibres and Yarns 

Raman characterization was performed on yarns to assess the quality and uniformity 

of GNFs coating on the CF surface (Figures 4.3, 4.4 and Table 4.1). The diameters 

of single CFs separated from CF yarn, were determined by optical analysis with the 

help of an external image processing software (ImageJ). Firstly, an image of each fibre 

was acquired from the microscope of the Raman system and then, with the help of 

ImageJ, 20 different diameter measurements along each fibre’s centre were acquired 

(Figure 4.4). Even though the scatter in the diameter of the fibres seemed not to be 

significant (<9 %) (Table 4.1), the effect of this scatter was important in the 

calculation of tensile strength. This is because the tensile strength is inversely 

proportional to the square of the diameter (Chapter 3: Materials and Methods, 

Section 3.8.1: Single bCFs and GNFs/CFs tensile strength measurements, 

Equations 3.2, 3.3). 

All the spectra (Figure 4.5a) contained prominent vibrational modes (Table 4.2) near 

1346 cm-1, 1580 cm-1 and 2691 cm-1 that correspond to the D, G and the 2D bands, 

respectively12–14. The D band is due to the presence of defects such as distortion, 

vacancies and strain in graphitic networks arising from finite crystallite size and is 

10 μm 5 μm
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associated with transverse optical (TO) vibrations near the K point. The G band is 

representative of sp2 bonding and originates from first-order Raman scattering. The 

2D band results from a double resonance Raman process.  

 

 
Figure 4.3. Representative Raman spectra acquired along the GCF3 hybrid fibre 

length to access its uniformity. 
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Figure 4.4. Representative optical image for determination of the single carbon fibre 

diameter. 

 

 Table 4.1. Percentage of difference in diameter of the fibres along their length. 

 

Table 4.2. Position shift of characteristic bands. 

GNFs/CF Percentage of difference in diameter (%) 

GCF-1 4.2 

GCF-2 3.3 

GCF-3 4.6 

GCF-4 4.2 

GNFs/CF D shift D' shift 2D shift 

GCF-1 1344 ± 4 1608 ± 6 2686 ± 5 

GCF-2 1347 ± 4 1615 ± 6 2692 ± 5 

GCF-3 1349 ± 1 1617 ± 1 2695 ± 1 

GCF-4 1349 ± 3 1617 ± 4 2693 ± 4 
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Figure 4.5. Raman characterization of graphene nanoflakes (GNFs) on carbon fibre 

(CFs) yarns: (a) Raman spectra of a bare (bCF) and GNFs/CF hybrids, denoted as 

GCF-1 (500 W @ 600 °C), GCF-2 (800 W @ 600 °C), GCF-3 (950 W @ 600 °C) and 

GCF-4 (800 W @ 300 °C). (b) ID/IG and I2D/IG intensity ratios measured at the centre 

of a 40 mm yarn. Error bars represent standard deviation from at least 20 independent 

measurements. 

 

The knee in the G band (D′), is a band indicative of finite graphite crystals and 

graphene edges. Both the appearance of sharp D and distinctive D′ peaks are 

characteristic signatures of graphene nanoflakes and are associated with the 

prevalence of graphene edge defects12. 
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As the microwave power increases from 500 W to 950 W, a blue shift on the D, D′ 

and 2D bands, normalized to G band position, can be observed in Figure 4.6 and 

Table 4.2, demonstrating that the plasma power is playing a crucial role to the quality 

of the produced GNFs. This upshift could be related to the oxygen induced hole doping 

of graphene sheets13 since oxygen radicals are expected to be more dominant at higher 

plasma powers. Alternatively, this blueshift of the 2D band14 could also be attributed 

to the increased number of graphene layers expected at higher plasma powers. 

 

Figure 4.6. Raman characterization of single carbon fibres. Position shift of 

characteristic bands (D, D’ and 2D. Error bars represent standard deviation from at 

least 20 independent measurements. 
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The intensity ratio of the D-band to the G-band (ID/IG), is commonly used to evaluate 

crystalline quality of graphitic structures and is ideally zero for highly ordered 

pyrolytic graphite15. The lowest ID/IG ratio of 1.23 observed for GCF-2 (800 W @ 600 

°C) (Figure 4.3b), indicates the lowest amount of defects and correlates well with the 

lower density of the nanoflakes. Notably, GCF-2 displayed the lowest values of 

standard errors for ID/IG illustrating a uniform GNF coating. A high I2D/G ratio greater 

than or equal to 2 is indicative of a single layer graphene, whereas lower values are 

associated with multilayer graphene16,17. Hence, the low I2D/G ratio values observed 

for all hybrids (<1) reveal a large number of graphene layers in the nanoflakes.  

4.3.3 Single Fibre Tensile Strength Measurement of GNFs/CF Hybrids  

Single fibre tensile strength tests were performed to examine the effect of the grown 

GNFs, on the in-plane mechanical properties of the CFs. The gauge length (Chapter 

3: Materials and Methods, Section 3.8.1.1: Preparation and testing of specimens, 

Figure 3.9) for every specimen was selected at 20 mm. The tensile strength values 

were calculated using Equation 3.2 (Chapter 3: Materials and Methods, Section 

3.8.1: Single bCFs and GNFs/CFs tensile strength measurements, Equation 3.2), 

while the corresponding Young’s modulus values were estimated from the slope of 

the linear region of the stress-strain curve (Figure 4.7, Table 4.3).  
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Figure 4.7. Representative stress-strain curves for all fabricated samples. 

Table 4.3. Fabrication conditions of bCF and hybrid fibres, their thickness, GNF 

length, Tensile Strength (σf), Young’s Modulus (E) and Interfacial shear strength 

(IFSS) at single fibre level. Error bars represent standard deviation from at least 20 

independent measurements. 

 

 

 

 

bCF GCF-1 GCF-2 GCF-3 GCF-4 

Growth time (min) 
0 3 min 3 min 3 min 3 min 

Power (W) 
0 500 800 950 800 

Temperature (°C) 
0 600 600 600 300 

Coating thickness 

(μm) 

0 0.28 1.10 0.35 0.065 

GNFs length (nm) 
0 110 ± 25 287 ± 75 197 ± 40 200 ± 59 

σf (GPa) 
3.2 ± 0.3 3.9 ± 0.2 4.1 ± 0.3 2.8 ± 0.2 3.6 ± 0.3 

E (GPa) 
178 ± 4 155 ± 9 164 ± 9 180 ± 8 169 ± 8 

IFSS (MPa) 
15.1 ± 4.3 - 30.4 ± 3.6 - - 
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The tensile strength of bCF was estimated as 3.2 ± 0.32 GPa. At microwave powers 

of 500 W and 800 W a significant increase up to 28% was observed on the tensile 

strength of the GNFs/CF hybrid fibres (3.6-4.1 ± 0.35 GPa) (Figure 4.8a), while the 

Young’s modulus values (Figure 4.8b) were similar for all samples, when compared 

to bCF. It can be postulated that, at microwave powers 800 W, the induced thermal 

loading on CFs is not sufficiently high to inflict detrimental effects to the mechanical 

integrity of them, however it is adequate for the self-assembly of graphene crystals 

that are able to restrict crack propagation and hence be a source of increased tensile 

strength. GCF-2 (800 W @ 600 °C) displayed the highest tensile strength and this can 

be attributed to the high crystalline quality of GNFs, as well as to the good uniformity 

that the coating presented along the fibre length. Subjecting the fibre to intense 

plasmas (GCF-3 (950 W @ 600 °C)) was found to slightly reduce the tensile strength 

value (2.8 ± 0.23) due to higher temperatures developed by the high-power plasmas. 

It should also be noted that the whole mw-PECVD process took place within only 5 

minutes (2 min etching and 3 min deposition) and the targeted temperatures were 

attained within less than 10 minutes. This is in contrast to rf-PECVD process for the 

growth of GNFs18–20 or thermal CVD process for the growth of CNTs21,22 , where large 

ramping times are required for achieving the external targeted temperature and 

substantially longer growth durations (30-60 minutes) are needed to achieve the 

desired coating thickness, both of which may impose a substantial thermal loading to 

the CFs and hence induce a decrease in the plane mechanical performance of the fibres. 

This hypothesis is supported by two recent works2,3, where a decrease up to 19% was 

observed on rf -PECVD GNF/CF hybrids compared to as purchased sized CFs. In 

addition to considerably reduced thermal loading another important factor that 

contributed to the enhanced tensile strength in our work is the elimination of harmful 
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chemical treatments that were conducted at past works4 in order to achieve better 

adhesion between the catalyst, and the CF surface, necessary for CNT growth. 

However, it is worth noting that recent efforts to overcome these challenges, including 

thickness control of the catalyst coating23 and reduction of interaction time between 

the CFs and the catalyst24 led to enhancement of the tensile strength up to 14%. Here, 

GNFs were self-assembled directly on as purchased CFs without any prior chemical 

treatments, since no catalyst is required for their growth. The enhancement obtained 

in our work is remarkably higher than those reported for CNTs (up to 14%)23,24 or non- 

carbon modified CFs such as ZnO nanowire coatings on CFs (0.2%)25. 

 
Figure 4.8. Single-fibre tensile strength test: (a) Tensile strength and (b) Young’s 

modulus of bare (bCF) and GNFs/CF hybrid single-fibres: GCF-1 (500 W @ 600 °C); 

GCF-2 (800 W @ 600 °C); GCF-3 (950 W @ 600 °C) and GCF-4 (800 W @ 300 °C). 

Error bars represent standard deviation from at least 20 independent measurements. 

 

Both the modulus and strength of the GNF/CF hybrid fibres are mainly governed by 

the properties of the CFs. The high modulus of carbon fibres originates from the high 

crystallinity and the well alignment of crystals in the fibre direction. As a result, the 
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growth of GNFs does not affect these bulk characteristics of the carbon fibre26,27. 

However, the strength of the CF is affected primarily by the defects and crystalline 

morphologies in fibres.  

The increased tensile strength could be attributed to the intrinsic defects on the CF 

surfaces, which are repaired during the initial stages of microwave -PECVD GNF 

growth process. The initial graphitic layers formed at carbon fibre/GNF interface 

provide resistance to crack propagation by offering a longer load-carrying pathway for 

the cracks to propagate. The interconnected 3D-GNF crystal network possessing a 

gradient morphology, reduces interfacial stress concentrations and improves with that 

way the load transfer between the rigid CF and the nanostructure. 

For carbon fibres the existence of surface flaws is considered a critical determinant of 

fibre tensile strength28,29. The increase of 28% indicates that the growth of GNFs does 

not introduce defects on the fibre but in fact serves to heal any defects present on CF 

leading to the enhancement of tensile strength. This healing process is connected with 

the growth mechanism of GNFs. Previous studies30,31 revealed that the growth of 

vertical graphene nanoflakes starts with the formation of buffer layer consisting of 

amorphous carbon and graphitic layers parallel to the substrate surface. Lattice and 

thermal mismatches between the substrate and the graphitic layers cause the creation 

of upward curling graphitic edges, which act as nucleation sites for the vertical 

graphene growth. GNFs continue to grow in the vertical direction by the attachment 

of a high number of carbon species at the active edges. The GNFs have tapered 

structures, with a few graphene layers at the top (Figure 4.9) and progressively more 

layers towards the bottom. The initial stage of growth helped to heal defects or flaws 

at the fibre surface, thereby reducing premature failure at stress concentration points.  
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Figure 4.9. SEM micrograph of GNFs where a few transparent graphene layers are 

indicated by arrows. 

 

The high energetic nature of the plasma process offers the opportunity to diffuse into 

any voids and cracks on the CF surface providing reinforcement effect.  Additionally, 

the initial graphitic crystals formed parallel to the CF surface help to restrict crack 

propagation23. It is also assumed that similar to biological materials8, the gradient 

thickness of graphene layers in the flakes reduces the stress concentration and 

consequently enhances the energy dissipation. 

In order to demonstrate the strong bonding between the CF and the directly grown 

GNFs a knife adhesion test was performed to remove the GNFs. Figure 4.10a and 

Figure 4.10b show the CF’s surface after mechanically scraping the GNFs with the 

help of high precision surgical blade. The SEM observations revealed that the majority 

of the GNF coating remained unaffected demonstrating a strong adhesion between the 

CF and the GNFs. Two regions (Figure 4.10 – region a & b) can be readily identified 

500 nm
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from the SEM analysis. In region “a”, the upper GNFs were compressed or removed 

by the scraping process, whereas in region “b”, the top surface coating was removed, 

with a substantial amount of GNFs remaining adherent to CF. Overall, adhesion tests 

demonstrated very good bonding characteristics between the GNFs and the CFs, 

indicating a strong GNFs/CF interface capable to promote increased tensile strength. 

 

Figure 4.10. Adhesion tests on the grown GNFs. (a)-(b) Removal of the GFNs with a 

blade. 

4.3.4 Interfacial Shear Strength (IFSS) Measurement of Single-Fibre GNFs/CF 

Hybrids 

In order to determine the interfacial adhesion between the fibres and the matrix, 

interfacial shear strength (IFSS) was measured by single-fibre fragmentation test 

(SFFT), following the methodology described in Section 2.3. The IFSS was analyzed 

by the Kelly and Tyson model32 given in Equations 3.5-3.8 (Chapter 3: Materials 

and Methods, Section 3.8.2: Single CF fragmentation measurement, Equations 

3.5-3.8). Photoelastic birefringence patterns, induced by stress concentrations at the 

fibre/matrix interface, in the vicinity of fibre fragments, were observed by polarized 

optical microscopy and their lengths were measured. It can be seen in the Figure 4.11 

that the introduction of a GNFs interface significantly increases the fracture density in 
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the GCF-2 (800 W @ 600 °C) specimen, which indicates improved fibre/matrix 

interfacial shear strength. The calculated IFSS was found to increase from 15.10 ± 

3.61 MPa for the bare fibre (bCF) to 30.43 ± 4.30 MPa with the GNFs interface (GCF-

2 (800 W @ 600 °C) hybrid) indicating an enhancement by 101.5%. (Figure 4.12, 

Table 4.3). This increase is in good agreement with recent results of rf-PECVD grown 

GNFs1–3, as well as with other nanomaterials, like CNTs33,34, or ZnO nanowires25,35 , 

grown on CFs.  Improvement of IFSS could be attributed to the following reasons: (i) 

the dense labyrinth-like network of the GNFs creates a higher surface area on CFs, 

which leads to improved mechanical interlocking; (ii) the large number of edge defects 

present in GNFs promotes strong bonding with the epoxy; and (iii) the gradient 

distribution of graphene layers along the nanoflakes’ height, (progressively reducing 

from the bottom to the top of nanoflake), produces essentially a gradient between the 

fibre and matrix, which can effectively transfer load and thus reduce stress 

concentration at the interface. 

 

Figure 4.11. Representative photoelastic birefringence patterns of (a) bare (bCF) and 

(b) GCF-2 (800 W @ 600 °C) hybrid fibre, observed by polarized optical microscopy 

during the single-fibre fragmentation test (SFFT). Scale bar = 50 μm. 

a

b
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Figure 4.12. Interfacial shear strength (IFSS) results for (a) bare (bCF) and (b) GCF-

2 (800 W @ 600 °C) hybrid fibre conducted via single-fibre fragmentation test. Error 

bars represent standard deviation from at least 20 independent measurements. 

 

SEM fractography analysis (Figure 4.13) was carried out, in order to investigate the 

failure mechanisms at the interfaces and simultaneously examine if the existence of 

the GNFs coating could possibly lead to enhanced interfacial adhesion. An epoxy 

resin/CF bundle, in dog-bone shape, was broken via a universal tensile strength tester, 

in order to simulate a typical pull-out test.  

Bare fibres displayed significant fibre pull-out from the polymer matrix (Figure 

4.13a), presenting a large quantity of holes, indicative of poor adhesion between the 

CFs and the epoxy resin surrounding them, when compared to coated ones (Figure 

4.13d). Figures 4.13b-4.13c revealed significant fibre de-bonding or adhesive failure 

of the interface between bare CFs and the polymer matrix, while Figures 4.13e-4.13f 

disclosed that the presence of GNFs established bridging effects between the coated 
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CFs and the polymer matrix, transferring in this way stresses in the region between 

the CF and the epoxy resin. The growth of GNFs on the surface of carbon fibres led 

to the formation of two interfaces, one between the CF and GNFs and a second one 

between the GNF and the epoxy matrix. The increased interface strength resulting 

from the GNFs implies that both interfaces were stronger than that between the bCF 

and epoxy of the bCF composite. The increased strength of the GNFs/epoxy interface 

is attributed to increased bond area due to the high surface area of the GNFs, whereas 

the increased adhesion between the carbon fibre and GNFs is associated with the 

energetic nature of the plasma. 

 

 

Figure 4.13. SEM photographs of the fracture surfaces after the fragmentation test: 

Figures 4.13a-4.13c represent specimens of bare (bCF) fibres in polymer matrix and 

Figures 4.13d-4.13f represent specimens of GNF coated CFs surface (GCF-2 (800 W 

@ 600 °C) hybrid) in polymer matrix.  

 

4.3.5 Electrical Conductivity (σ) of GNFs/CF Hybrid Single-Fibres and Yarns 

The electrical conductivity of CF yarns before and after the introduction of GNFs is 

shown in Figure 4.14a. The electrical conductivity of the yarns was calculated by 

multiplying the measured conductance with the distance between two electrode 
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contacts and dividing the resultant product with the cross-sectional area of the fibre 

(cylindrical shape assumption, Chapter 3: Materials and Methods, Section 3.9: 

Electrical conductivity measurements on single hybrid GNFs/CFs and GNFs/CFs 

yarns, Equation 3.9). The calculated value was then multiplied by the number of 

individual fibres consisting the yarn (12,000) to evaluate the yarn’s conductance. The 

as-received carbon fibre yarn had a conductivity of approximately 160 S cm-1, which 

increased for almost all hybrid yarns. The highest electrical conductivity value was 

observed for GCF-2 (800 W @ 600 °C) = 257 S cm-1, displaying an increase of 

approximately 60.5%. Hybrid yarns fabricated at high microwave power (GCF-2, 

GCF-3, GCF-4) exhibited increased electrical conductivity, when compared to GCF-

1 (500 W @ 600 °C) synthesized at the lowest microwave power, which behaved like 

the bare yarn. This enhancement in electrical conductivity can be attributed to the 

better crystallinity of the GNFs associated with intense plasmas, achieved at higher 

microwave powers, as evident from the lower ID/IG ratio (Figure 4.15). Single hybrid 

fibre electrical conductivity measurements were also performed on the best sample 

(GCF-2). The conductivity of the hybrid fibre (Figure 4.14b) increased from 511 S 

cm-1 to 592 S cm-1 indicating an increase of about 16%. It is noteworthy that there is 

no relative work on the literature that reports on the electrical conductivity of 

GNFs/CF hybrids.  
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Figure 4.14. Electrical conductivity (σ) measurements. (a) Electrical conductivity of 

bare (bCF) and GNFs/CF hybrid yarns: GCF-1 (500 W @ 600 °C); GCF-2 (800 W @ 

600 °C); GCF-3 (950 W @ 600 °C) and GCF-4 (800 W @ 300 °C). (b) Electrical 

conductivity measurements of bare (bCF) and GCF-2 hybrid single fibres. Error bars 

represent standard deviation from at least 20 independent measurements. 

 

Figure 4.15. Electrical conductivity (σ) of hybrid carbon fibres yarns as a function 

of D/G band (ID/IG) intensity ratio. Error bars represent standard deviation from at 

least 20 independent measurements. 
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4.4 Conclusions 

In summary, graphene nanoflakes (GNFs) grown by a microwave plasma enhanced 

CVD (mw-PECVD) process in a few minutes were investigated for the first time as a 

novel and simple route to reinforce the interface of CF composites and simultaneously 

impart multifunctional attributes. Hybrid carbon fibre composites with a GNF 

interphase were developed, and the role of the GNFs morphology on in-plane 

mechanical properties was assessed through single-fibre tests, while their electrical 

performance was assessed via electrical tests on single fibres or yarns. Our results 

showed that under optimized conditions the growth of GNFs not only avoids the 

deterioration of the in-plane mechanical properties usually met in CF reinforcements 

by other nanomaterials, but in fact leads to a remarkable improvement of ~28% in 

tensile strength compared to control bare fibres. Such enormous enhancement in 

tensile strength is much higher than any previous reported improvement. This 

tremendous increase in tensile strength is associated with i) a reduced thermal loading 

on the CF due to quick GNF growth of only few minutes, ii) the elimination of harmful 

chemical procedures prior to growth as no catalyst is required, and iii) the highly 

crystalline quality of GNFs that helps to restrict crack propagation. Single carbon fibre 

fragmentation tests (SFFT) revealed that the GNFs give rise to a 101.5% enhancement 

in the interfacial shear strength over the control bare carbon fibre, indicating a strong 

coupling between the GNFs and the epoxy matrix. The increased surface, the 

abundance of edge defects and the gradient interface of GNF network were considered 

as important factors that led to the improved interlocking between the GNF and epoxy 

matrix. Moreover, the direct contact between the GNFs and CF contributed to reduced 

contact resistance, leading to significant improvements in electrical conductivity 

(60.5%) over as purchased control fibres. Consequently, all these improvements in 
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tensile and interfacial shear strength, as well as electrical conductivity demonstrate the 

significant potential GNFs as a reinforcement interface for the manufacturing of future 

multifunctional carbon fibre reinforced polymer composites. 
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5.1 Introduction 

In this chapter, following the work described in Chapter 4, CFRP reinforced with 

graphene nanoflakes (GNFs) were fabricated in order to examine their mechanical 

properties (tensile strength, Mode-I & Mode-II interlaminar fracture toughness) as 

well as their electrical properties (electrical conductivity) on both in and out of plane 

directions. The direct growth of the GNFs was performed using a rf-PECVD this time, 

in order to achieve large coating areas needed for laminate structures, which could not 

be achieved with the mw-PECVD. SEM analysis and Raman spectroscopy were used 

to investigate the quality and uniformity of the grown GNFs, along the deposited 

fabrics. It should be noted that no uniformity issues were observed during the 

deposition process at any experimental condition. The plasma of the rf-PECVD was 

filling the quartz tube from the one end until the other and it was stable during the 

process. Additionally, the fractured surface of the CFRP was studied, to confirm the 

interlaminar fracture toughness results, through SEM fractography analysis. 

5.2 Experimental section 

5.2.1 Materials 

The materials used for this chapter can be found analytically at Chapter 3: Materials 

and Methods, Section 3.2: Materials. 

5.2.2 Direct Growth of GNFs on Carbon Fibres by Radio Frequency Plasma 

Enhanced CVD 

The synthesis of GNFs was conducted in a rf-PECVD system (Chapter 3, Section: 

3.4 Direct growth of GNFs on CFs via rf-PECVD), with Ar and CH4 as the primary 

feed gases. The CF fabrics were placed on a 25 cm long custom-made quartz boat 

holder and then positioned carefully at the intermediate area of the furnace with the 
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help of a metallic guide. Afterwards, the chamber was pumped down to less than 7.5 

× 10–3 Torr, where Ar (30 sccm) was introduced to the chamber to achieve the desired 

total pressures of 1.8 × 10–2 and 3 × 10–2 Torr. It should be noted that the tube furnace 

was heated at a  rate of max. 20 ℃/min. When the desired temperature was reached, 

CH4 was introduced into the chamber and the striking procedure of the plasma was 

initiated. The radio frequency power was selected at 500 W. Two sets of total 

deposition times were selected: 1 hr and 30 min of total deposition time. The furnace 

temperature was kept 800 °C for all samples. After the deposition, the samples were 

cooled in a constant Ar flow of 30 sccm. In the following discussion bCF represents 

the reference, as purchased CF fabric, GCF-1 the GNFs/CF hybrid fabrics produced 

at a growth temperature of 800 °C, radio frequency power of 500 W, total pressure of 

1.8 × 10–2 Torr with 10 sccm of CH4 and deposition time of 1 hr (1 hr @ 1.8 × 10–2 

Torr) . Likewise, GCF-2 was fabricated at 800 °C, 500 W, 1.8 × 10–2 Torr with 10 

sccm of CH4 and 30 min (30 min @ 1.8 × 10–2 Torr), and GCF-3 was fabricated at 800 

°C, 500 W, 3 × 10–2 Torr with 20 sccm of CH4 and 30 min (30 min @ 3 × 10–2 Torr) 

(Table 5.1).  

Table 5.1. GNFs growth conditions for all fabricated samples. 

 

 

Sample Temperature 

(℃) 

Rf-Power     

(W) 

Total 

pressure 

(Torr) 

Deposition 

time  

(min) 

bCF - - - - 

GCF-1 800 500 1.8 × 10–2 60 

GCF-2 800 500 1.8 × 10–2 30 

GCF-3 800 500 3.0 × 10–2 30 
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5.2.3 Characterization of materials 

The grown GNFs onto CFs as well as the delaminated samples after the fracture 

toughness tests were observed through a field emission scanning electron microscope, 

FE SEM (Chapter 3, Section: 3.6 Field emission electron scanning microscopy 

(FE SEM)) working at an accelerating voltage of 10 kV (GNFs/CFs hybrids) and 1 

kV (fractured samples). The cross-section of the tested laminates was investigated 

thoroughly, to identify the fracture mechanisms of CFRP delaminating process. 

Raman scattering (Chapter 3, Section: 3.7: Raman spectroscopy) was utilized to 

investigate any uniformity occurred during the GNFs growth. 

5.2.4 Vacuum assisted resin infusion (VARI) procedure  

The CFRP specimens were made utilizing a vacuum-assisted resin transfer molding 

procedure (VARI) (Chapter 3, Section 3.10: CFRP lamination process). VARI is a 

straight-forward and relatively low-cost process in comparison with other lamination 

procedures (wet lay-up, prepreg, hot press lamination, filament winding, etc.). Some 

of the advantages of this method are: (i) the minimized air voids into the composite 

structures due to the infusion procedure, and (ii) the large-scale production of 

composite components. All fabricated laminates consisted of a total of 12 plies 

([0/90]12), maintaining the CF to resin volume fraction ratio around 1-1.2. All samples 

were fabricated in room temperature and the cure process lasted 24 hr. After the initial 

curing, the CFRP were post cured for 6 hr at 60 °C, in accordance with the 

manufacturer’s guidelines. Then, the produced 3 mm thick composites were cut with 

a wet diamond saw into 5 specimens, in specific dimensions  according to standards 

for all tests (LMode-I × WMode-I = 12.5 cm × 2 cm, LMode-II × WMode-II = 19 cm × 2 cm, 

LTensile × WTensile = 21 cm × 2 cm). For Mode-I and Mode-II interlaminar fracture 
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toughness tests, only two deposited CF plain fabrics were placed on the middle area 

of each laminate, resulting in a new reinforced interface. For tensile strength 

measurements, two different lay-up stacks were selected: (i) containing 4 deposited 

layers and (ii) 8 total deposited layers respectively. In the case of 4 layers lay-up, two 

deposited layers were placed on the middle area of the sample, and the remaining two 

plies were positioned at the outer faces of the stack, with the graphene coated area 

facing the environment (i.e. not the neighboring CF plies) as depicted in Figure 5.1a. 

For the second stack, 3 individual interfaces were created by two deposited plies facing 

each other and the remaining two layers were placed again facing the environment 

(Figure 5.1b).  

 

Figure 5.1. Schematic illustration of lay-up procedure for tensile strength 

measurements. (a) 4 deposited layers-12 total layers, (b) 8 deposited layers-12 total 

layers.  

 

5.2.5 Mode-I Interlaminar Fracture Toughness Measurements 

The GNFs reinforced interlaminar area of the fabricated CFRP was initially examined 

utilizing Mode I interlaminar fracture toughness tests (Chapter 3, Section: 3.11.1 

Mode-I interlaminar fracture toughness measurements), through the double 

(a) (b)



 

142 
 

cantilever beam (DCB) technique and always according to ASTM D5528-13 

standard1.  

5.2.6 Mode-II Interlaminar Fracture Toughness Measurements 

This test method describes the determination of the Mode-II interlaminar fracture 

toughness, GIIc, of the produced laminates under Mode-II shear loading using the end-

notched flexure (ENF) test in accordance ASTM D7905/D7905M-142 specifications 

(Chapter 3, Section 3.11.2: Mode-II interlaminar fracture toughness 

measurements, Figure 3.16).  

5.2.7 Tensile Strength Measurements 

The tensile strength tests were carried out to assess the in-plane mechanical 

performance of the composites fabricated with different lay-up configurations 

(Chapter 3, Section: 3.11.3 Tensile strength measurements). 

5.2.8 Electrical Conductivity measurements 

Electrical conductivity tests were carried out on CFRP, via a two probe processes 

(Chapter 3, Section 3.12: Electrical conductivity measurements on CFRP 

samples). In-plane and out of plane through volume measurements were carried out 

in order to investigate the electrical conductivity of the fabricated laminates. 
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5.3 Results and discussion   

5.3.1 SEM and Raman characterization   

SEM micrographs were taken to observe the morphology of the grown GNFs onto CFs 

and hence get in insight on growth conditions-morphology relationships (GCF-1, 

GCF-2 and GCF-3). For optimal mechanical properties of the fabricated composites, 

a uniform and sufficient amount of GNFs coating had to be grown onto CFs fabrics. 

Control on the detailed characteristics (including density,  length, height, and 

crystalline quality) of GNFs is of crucial importance for enhancing the interlaminar 

properties of a composite. An excessive GNFs coating can destructively affect the 

interlaminar properties of CFRP, since it hinders the resin infusion via the 

microchannels of the CF layers, creating in that way imperfections and voids in the 

CFRP3. Figure 5.2b-d shows the grown GNFs under different conditions (GCF-1, 

GCF-2 and GCF-3 respectively) and reveals that in all samples the flakes were 

interconnected with each other, resulting in a labyrinth-like structure. As it can be seen 

from Figures 5.2b-d  GCF-1 and  GCF-2, possess a corrugated morphology with 

different GNF thickness concurrent with their deposition time, in contrast to GCF-3, 

in which the flakes seem straight and of a reduced  coating thickness (~ 0.72 μm). In 

order to visualize better the grown morphologies, with the help of an external texture 

generator (PixPlant), 3D-illustrations were constructed using the SEM micrographs 

(Figure 5.3). As mentioned previously, GCF-1 and GCF-2 samples had similar 

morphology, with only main difference the thickness of the coating (1.78 μm and 1.02 

μm respectively), revealing that higher deposition times (GCF-1 @ 1 hr vs GCF-2 @ 

30 min) were associated with thicker GNFs coatings. In the case of GCF-1 (Figure 

5.2b and Figure 5.3a), some sharper edges can be observed due to the thicker coating, 



 

144 
 

where the GNFs had the required deposition time (1 hr) to end up in more graphene 

edges4-6. 

The growth rate of the GNFs could be affected by many parameters during a PECVD 

process. Total pressure inside the tube furnace is one parameter that can affect the 

growth rate of the produced GNFs as well as their morphology. However, this growth 

rate is a complex plasma chemistry procedure, related to plasma energies and cannot 

simply be attributed only to total pressure5,7. When comparing GCF-2 and GCF-3 

produced under identical conditions with only difference the total pressure value 

(GCF-2 sample at 1.8 × 10–2 Torr and GCF-3 at 3 × 10–2 Torr), it can be seen that the 

deposition rate for GCF-2 (Figure 5.2c and Figure 5.3b) is higher than that of GCF-

3 (Figure 5.2d and Figure 5.3c) however the nucleation rate of GNFs is lower for 

GCF-2.From the SEM micrographs is obvious that GCF-3 sample possessed a higher 

density of GNFs when compared to GCF-2 and GCF-1, as not many porous spaces 

between the flakes can be clearly seen.  Moreover, one notable difference between 

these two observed morphologies, is that the GCF-3 sample had a high population of 

sharp graphene flakes grown perpendicular to the fibre axis, when compared to the 

corrugated ones (GCF-1 and GCF-2), where many flakes seemed to grow parallel to 

the fibre axis. It should be noted that during the deposition of GCF-3 sample, the 

plasma was not filling the tube completely. This could be a reason for the observed 

different morphology observed since different plasma’s densities could lead to 

different contributions of radicals and ions in the growth of GNFs8. 



 

145 
 

 

Figure 5.2. SEM micrographs of the grown GNFs. (a) bCF (reference sample), (b) 

GCF-1 sample (1 hr @ 1.8 × 10–2 Torr), (c) GCF-2 sample (30 min @ 1.8 × 10–2 Torr) 

and (d) GCF-3 (30 min @ 3 × 10–2 Torr). 

10 μm

1 μm

(c)

10 μm

1 μm

(b)

(d)

1 μm

10 μm

10 μm

(a)

6.87 μm



 

146 
 

 

Figure 5.3. 3D-illustrations of the grown GNFs. (a) GCF-1 sample (1 hr @ 1.8 × 10–

2 Torr), (b) GCF-2 sample (30 min @ 1.8 × 10–2 Torr) and (c) GCF-3 (30 min @ 3 × 

10–2 Torr). 

 

Raman scattering was performed onto the CF fabrics in order to investigate the quality 

and type of the fabricated graphene edges9. All acquired spectra (Figure 5.4a), 

comprised of prominent vibrational modes, observable, near 1345 cm–1 (D band), 1580 

cm–1 (G band), and 2690 cm–1 (2D band)10–12. The D band is owed to the existence of 
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in-plane substitutional heteroatoms distortion, vacancies and other defects in the 

graphene lattice. It originates near the K point of Brilluoin zone, possessing transverse 

optical (TO) vibrations. The G band is representative of sp2 bonding and originates 

from first-order Raman scattering, and is due to strain in the C―C bond of graphitic 

networks. The 2D band is a result of a double-resonance Raman process. 

A common tool for the graphitic structures’ crystalline quality evaluation, is the 

intensity ratio of the D band to the G band (ID/IG), which is ideally zero for highly 

ordered pyrolytic graphite13. The lowest ID/IG ratio of 0.91 observed for GCF-3 

(Figure 5.4b) indicates the lowest number of defects, whereas GCF-1 sample had the 

value of 1.15 and GCF-2 the highest one of 1.35. Notably, GCF-3 displayed the lowest 

values of I2D/IG ratio greater than or equal to 2 is indicative of a single-layer graphene, 

whereas lower values are associated with multilayer graphene14-16. Hence, the low 

I2D/IG ratio values observed for all samples (<1) reveal a large number of graphene 

layers in the nanoflakes. 

 
Figure 5.4. Raman characterization of the produced GNFs. (a) Raman spectra of all 

samples, (b) ID/IG intensity ratios of all samples. bCF (reference sample), GCF-1 

sample (1 hr @ 1.8 × 10–2 Torr), GCF-2 sample (30 min @ 1.8 × 10–2 Torr) and GCF-

3 (30 min @ 3 × 10–2 Torr). 

 

 

 

bCF GCF-1 GCF-2 GCF-3
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

I D
/I

G
 &

 I
2

D
/I

G
 r

a
ti
o

s

 ID/IG

 I2D/IG

500 1000 1500 2000 2500 3000

2D

G

 GCF-3

 GCF-2

 bCF

 GCF-1

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y
 (

a
.u

)

Raman shift (cm-1) 

D
(a) (b)



 

148 
 

5.3.2 Mode-I and Mode-II interlaminar fracture toughness measurements 

The interlaminar fracture toughness was determined in terms of the Mode-I strain 

energy release rate (GIc) (Figure 5.6). It should be noted that two different GIc values 

were calculated for this test, one coming from the crack initiation (GIc,INIT) and one 

from crack propagation (GIc,PROP). All the GIc values are summarized in Table 5.2. 

Following the guidelines of ASTM D5528, the delamination resistance curves (R) 

were plotted using the recorded load-displacement data (Figure 5.5a). The R-curves 

(Figure 5.5a) and the analyzed data (Figure 5.5b) showed that all the fabricated 

composites exhibited increased GIc interlaminar fracture toughness, when compared 

to the bCF sample. More specifically, GCF-1 sample showed increment of 67.8% and 

39.4% in GIc,INIT and GIc,PROP values, whereas GCF-2 possessed lower values of 

enhancement of 24.2% and 10.5% respectively. Furthermore, GCF-3 showed the 

greatest percentage of reinforcement, with reported values of 93.8% (GIc,INIT) and 

63.9% (GIc,PROP). The experimental data showed that the values of GIc were gradually 

increased within the crack growth phase between 50–70 mm and reached steady-state 

fracture toughness values at delamination length values above 70 mm, with only 

exception the GCF-3 sample, where saturation of the fracture toughness recorded after 

80 mm of delamination length.  

For a comprehensive interpretation of the Mode-I results, the toughening mechanisms 

that were responsible for the CFRP’s fracture toughness enhancement should be 

clarified. For that reason, post-failure SEM micrographs (Figure 5.6) were taken to 

investigate these toughening mechanisms. Fibre pull out is the most dominant 

mechanism in the delamination  procedure, with fibre fracture to exist as well17,18. It 

is well known that the strain energy required for a fibre to pull out from a polymer 

matrix is greater than the energy required to break the CF itself19. For that reason, if 
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the fibres in the interlaminar region break before the pull-out mechanism is enabled, 

the total strain energy absorbed will be less, and as a result the GIc values smaller.  

From the fractography analysis of the bCF sample (Figure 5.6a) it can be seen that no 

bridging effects between the epoxy resin and the grown GNFs were detected, 

indicating a brittle interface.  The smooth and non-roughened surface of the reference 

sample led the fibres to pull out from the matrix easily, absorbing less amount of 

fracture energy. On the other hand, all coated samples presented bridging effects 

between the resin and the GNFs as can be seen by Figures 5.6b-f, where remaining 

resin traces can still be seen on the surface of the GNFs/CFs hybrids.  As mentioned 

earlier, all samples exhibited increment on the fracture toughness (from 24.2% up to 

93.8%). The labyrinth-like structure of the graphene flakes increased the surface area 

of the CFs, when compared to the smooth and featureless bCF’s surface. This extra 

porosity that GNFs provided, let the epoxy resin to infiltrate through this labyrinth-

like structure, resulting in a strong matrix-GNFs interface. This enhanced interface 

absorbed more fracture energy than the bCF poor interface, and as a result the GIC 

values increased. However, fluctuations on the energy’s percentage observed between 

the fabricated composites and are attributed mainly to the different morphology of the 

grown GNFs. The orientation of the grown GNFs constitutes a key role in the 

toughening mechanisms discussed earlier. The corrugated flakes of GCF-1 and GCF-

2 samples contained a large amount of flakes grown almost parallel to the crack path, 

minimizing their participation on the pull-out mechanism. On the other hand, GCF-3 

sample included a large number of sharp vertical graphene edges, when compared to 

the other two composite samples (GCF-1 and GCF-2). This perpendicular to the crack 

path orientation of the graphene edges, created a tenon-mortise mechanical 

interlocking between the two interlaminar CF coated fabrics, resulted in a strong 
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interlaminar region, which absorbed more fracture energy than the other samples. The 

almost 15% difference between GCF-1 and GCF-2 sample’s propagation fracture 

toughness, could be attributed again to the number of vertical graphene edges observed 

on the grown GNFs, as well as to the reduced height of the GNFs for GCF-2 sample. 

As mentioned, the GCF-1 had a small amount of edges, where GCF-2 showed a 

reduced amount of edges and height of GNFs, due to the smaller deposition time. 

  

Figure 5.5. Mode-I interlaminar fracture toughness analysis. (a) R-curves for 

reference (bCF) and all fabricated samples (GCF-1, GCF-2 and GCF-3), (b) GIc,INIT 

and GIc,PROP values for all samples. GCF-1 sample (1 hr @ 1.8 × 10–2 Torr), GCF-2 

sample (30 min @ 1.8 × 10–2 Torr) and GCF-3 (30 min @ 3 × 10–2 Torr), (c) 

representative snap during the test. Mean values calculated from total 5 samples for 

each experimental condition. 
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Figure 5.6. Post-failure SEM micrographs. (a) bCF (reference sample), (b-c) GCF-1 

sample (1 hr @ 1.8 × 10–2 Torr), (d-e) GCF-2 sample (30 min @ 1.8 × 10–2 Torr) and 

(f-g) GCF-3 (30 min @ 3 × 10–2 Torr). 

 

The interlaminar fracture toughness was also examined in terms of the Mode-II strain 

energy release rate (GIIc) (Figure 5.7). The results of GIIc (Figure 5.8 and Table 5.2) 

followed the same trendline as the GIc results, with GCF-3 sample presenting the best 

performance of about 43.28% and 43.05% in NPC and PC tests respectively. The next 

best sample was the GCF-1 with 10.93% and 30.03% again in NPC and PC tests, 

whereas the GCF-2 presented a slight increase on the Mode-II fracture toughness of 

about 8.04% and 2.42% correspondingly. It should be noted that all samples presented 

almost linear behavior up to max point (Pmax). However, even though the GIc and GIIc 

results are coming to an agreement regarding the GNFs-reinforced interlaminar region 

of the laminates, it is very clear that the percentages of the enhancement are greater in 

the case of Mode-I tests (max values observed: 93.8% vs 43.05%). The divergence in 

the enhancement between GIc and GIIC relies to the fact that the GNFs are more 

sensitive to interlaminar crack propagation induced under opening stress conditions 

(Mode-I tests). This can be attributed to the different nature of stresses manifested 

during these two tests, where the crack growth is driven by opening stress in Mode-I 
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tests, whereas by shear stress in Mode-II. It seems that the direction of the offside 

microseparations played a crucial role on these two different failure modes. In Mode-

I, lateral growth of microseparations is happening, while there is no such predilection 

for Mode-II if the compressive stress is adequately strong20. For better understanding 

of the failure mechanism in Mode-II tests, post-failure SEM micrographs were 

acquired (Figure 5.9).  

The post-failure micrographs (Figure 5.9) revealed that all GNFs (GCF-1, GCF-2 and 

GCF-3) deposited samples, presented a ‘rougher’ surface when compared to bCF 

sample. It can be seen that at the fractured surface of the GNFs samples, micro-cracks 

(hackles) were present, indicative of the crack deflection mechanism occurred during 

the test, due to the existence of the GNFs21. This hackle pattern indicated a shear stress 

dominant state22, which was not seen in the Mode-I tests. The bCF sample (Figure 

5.9a-b) presented numerous CF ruptures and resin deformation that did not possess 

the hackle pattern of the GNFs samples. The sample with the lowest percentage of 

improvement was the GCF-2 one. When observing the post-failure micrographs, it can 

be seen that the hackles were generally large and not so many in number (Figure 5.9e-

f). Additionally, the space between the hackles was bigger than the other 2 deposited 

samples, indicating that the density of the GNFs network and its height constitute key 

parameters to the enhancement of the fracture toughness of the composites. On the 

other hand, the hackles in GCF-1 (Figure 5.9c-d) and GCF-3 (Figure 5.9g-h) samples 

were numerous and denser, and that was the reason they demonstrated the best results 

in Mode-II PC tests. GCF-3 sample was the one with the best performance in both 

NPC and PC tests (43.28% and 43.05% respectively). From the post-failure analysis, 

it can be seen that shear stress induced hackles possessed smaller dimension in 

comparison to the other samples, but the denser pattern amongst them. The sharper 
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and denser vertical graphene edges of GCF-3 sample resisted the matrix cracking, by 

deflecting the main crack into smaller numerous micro-cracks (hackles), and therefore 

amplified the fracture energy absorption required for crack initiation and propagation.  

 

Figure 5.7. Mode-II (GIIc) representative results for all samples. (a) non-precracked, 

NPC and (b) precracked PC Mode II load (N) vs extension (mm) representative curves 

for bCF (bare), GCF-1 sample (1 hr @ 1.8 × 10–2 Torr), GCF-2 sample (30 min @ 1.8 

× 10–2 Torr)  and GCF-3 (30 min @ 3 × 10–2 Torr). 
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Figure 5.8. Mode-II (GIIc) values for all samples for both NPC and PC tests. GCF-1 

sample (1 hr @ 1.8 × 10–2 Torr), GCF-2 sample (30 min @ 1.8 × 10–2 Torr) and GCF-

3 (30 min @ 3 × 10–2 Torr). Mean values calculated from total 5 samples for each 

experimental condition. 
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Figure 5.9 Post-failure fractography analysis of Mode-II tested samples. (a-b) bCF, 

(c-d) GCF-1, (e-f) GCF-2 and (g-h) GCF-3 sample. GCF-1 sample (1 hr @ 1.8 × 10–2 

Torr), GCF-2 sample (30 min @ 1.8 × 10–2 Torr) and GCF-3 (30 min @ 3 × 10–2 Torr). 

 

 

100 μm 50 μm

(a) (b)

CFs rupture + resin deformation

100 μm 50 μm

(c) (d)

Micro-cracks due

to shear stress

Micro-cracks

CF pull out trace

100 μm 50 μm

(e) (f) Micro-cracks

100 μm 50 μm

(g) (h)
Micro-cracks



 

156 
 

Table 5.2. GIc and GIIc values for all fabricated composites. Mean values calculated 

from total 5 samples for each experimental condition. 

Sample 

GIc,INIT                                 

(J m-2) 

GIc,PROP                                

(J m-2) 

Percentage of 

enhancement 

(%) Init / 

Prop 

GIIc,NPC  

GIIc,PC                               

(J m-2) 

Percentage of 

enhancement 

(%) NPC/PC 

bCF 293.2 ± 

27.4 

225.7 ± 

15.1 

- 1169 ± 57 

1183 ± 20 

- 

- 

GCF-1 408.7 ± 

35.7 

378.8 ± 

41.8 

67.8 / 39.4 1296 ± 69 

1539 ± 68 

10.93 

30.03 

GCF-2 364.1 ± 

34.9 

249.4 ± 

30.6 

10.5 / 24.2 1262 ± 80 

1212 ± 38 

8.04 

2.42 

GCF-3 480.7 ± 

44.9 

437.4 ± 

24.8 

93.8 / 63.9 1674 ± 71 

1692 ± 60 

43.28 

43.05 
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5.3.3 Tensile strength measurements of fabricated composites 

Tensile strength measurements of the produced composited were carried out to see the 

effect of the direct grown GNFs on the in-plane properties of woven fabrics. So far in 

the literature, no research work has reported tensile strength measurements of 

GNFs/CFs composites. The only relative work included ILSS tests of GNFs/CFs 

composites but no tensile strength tests23. However, the results of this thesis can be 

compared with other reinforcing nanostructures found in the literature, like CNTs or 

GNPs. It is noticed that the conventional thermal CVD method, widely used for the 

direct grown of CNTs, even though showed great results on the reinforcement of the 

interlaminar region of CFRP24–26, the preservation and/or increment of the in-plane 

mechanical properties always constitutes a big challenge. The challenge relies on the 

fact that the fibres’ breaking strength is considerable superior to the strength of the 

epoxy matrix, and consequently govern the ultimate strength in tension of the 

composites. Therefore, when the “roughening” of the grown hierarchical structures, 

surpassed a specific saturation level, the fibre’s tensile strength started to decrease, 

due to the many defects that had been introduced from the nanoreinforcement agents 

to the hybrid fibres27-29. However, during the interlaminar fracture toughness and/or 

interfacial strength tests, other factors are playing a crucial role to the reinforcement 

of the composite materials as well, such as chemical bonding between the hybrid fibres 

and the matrix and  mechanical interlocking of the fibres with the epoxy (especially 

when the fibres form a 3D network)30. That’s the reason why in so many research 

works, even though there was a decrease on the in-plane properties of the produced 

hybrid structures, the interlaminar toughness of them increased. So far, studies have 

reported that larger graphene flakes are enhancing the mechanical performance of the 

fabricated nanocomposites, due to the better stress transfer, when compared to their 
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smaller counterparts30. Hence, the aspect ratio of the graphene flakes is an important 

parameter for the mechanical performance of the produced composite materials, as 

reductions on it could led to reduced mechanical properties as well. 

In our tensile strength tests, the stacking process of the laminates was described in 

detail at section 2.6 (VARI procedure-Figure 2.1). In order to compare efficiently the 

tensile strength results with the ones from Mode-I and Mode-II experiments, the 

toughened interface consisting of two deposited GNFs fabrics in the middle of the 

composite was selected again. The only difference was that two more deposited layers 

were used this time, one on the top part of the laminate and one on the bottom, aiming 

for an increased in-plane electrical conductivity. Furthermore , the effect of more 

CF/GNFs layers on the tensile strength was examined by introducing  8 layers. 

In Figure 5.10a the average values of the tensile strength of all fabricated composites 

can be seen, whereas in Figure 5.10b representative stress-strain curves are illustrated. 

When comparing the composites incorporating the 4L (GCF-1 4L, GCF-2 4L and 

GCF-3 4L) hybrids with the control one (bCF), (Table 5.3), it can be seen clearly, that 

GCF-1 4L sample exhibited a surprisingly high enhancement of about 29%, in contrast 

to GCF-1 4L, GCF-2 4L which showed a slight increase  This reinforcement of GCF-

1 4L sample is mainly attributed to the larger (taller) and longer graphene flakes of the 

deposited nanostructures, as revealed by the SEM micrographs (Figure 5.2b). As 

mentioned earlier, this increased aspect ratio (height/length) of the GNFs in the case 

of GCF-1 sample, provided more effective stress transfer through the fibres, when 

compared to the smaller and denser flakes of GCF-3 sample. Moreover, as mentioned 

on the discussion for Mode-I results, the corrugated GNFs of GCF-1 and GCF-2 

samples, possessed a mountain-range like morphology, which is more parallel than 
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perpendicularly aligned to the elongation direction, due to the increased length of the 

flakes, which provided the flakes with a larger curvature31. The reason why GCF-2 

sample did not possess such an increment as GCF-1 sample, relies to smaller aspect 

ratio of the GCF-2 flakes. Even though the flakes’ length is almost the same in both 

samples, the height of the GNFs is clearly less in the case of GCF-2 sample, and this 

can be seen from the SEM micrographs (Figure 5.2), revealing GNFs’ height of about 

1.02 μm, whereas GCF-1 flakes were about 1.78 μm.  

Observing the 4L results, except the GCF-1 sample, it can be seen that all the other 

specimen did not show increment on their tensile strength. For that reason, more 

nanoengineered samples were prepared for testing, containing this time 8 deposited 

graphene layers (8L), as discussed previously. Our initial idea was that by minimizing 

the deposited graphene fabrics, we could avoid the dominant damaging effect on the 

tensile strength of the composites, as reported in the literature23,32. The results 

confirmed our initial consumption that more deposited layers could negatively affect 

the tensile strength of the fabricated composites. Except GCF-1 8L sample that showed 

a slight increase of about 3.3%, the other two samples (GCF-2 8L and GCF-3 8L) 

exhibited decrement of about 12.8% and 12.6% respectively. It is assumed that the 

deposited fibres before the lamination procedure possessed already decreased tensile 

strength due to the nature of the rf-PECVD process, and more specific due to the high 

temperature (800 ℃) that the samples were subjected for more than 1 hour (deposition 

time + 40 min of waiting until 800 ℃ is reached). However, in the case of all 4L 

samples, the reduced number of  nanoengineered layers (4 out of 12) did not negatively 

affect the tensile strength of produced composites (Figure 5.10a), as the dominant 

fabrics on the composite structure were bCF layers (8 out of 12). As discussed 

previously, even though the tensile strength of the hybrid GNFs/CFs could decrease, 
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the interfacial strength of their composites could increase dramatically due to 

epoxy/GNFs bonding and the mechanical interlocking mechanisms that were present, 

outweighing the damaging effect induced by the defective GNFs.  

 
Figure 5.10. Tensile strength results of all fabricated samples. (a) tensile strength 

average values of control and GNFs composites, (b) representative stress-strain curves 

for all samples. Error bars represent standard deviation from 5 independent 

measurements. GCF-1 sample (1 hr @ 1.8 × 10–2 Torr), GCF-2 sample (30 min @ 1.8 

× 10–2 Torr) and GCF-3 (30 min @ 3 × 10–2 Torr). Mean values calculated from total 

5 samples for each experimental condition. 

Table 5.3. Tensile strength values of the composite materials. Mean values calculated 

from total 5 samples for each experimental condition. 

Sample Tensile strength                                       

(MPa) 

Error 

(MPa) 

bCF 519 47 

GCF-1 4L 670 25 

GCF-2 4L 535 26 

GCF-3 4L 531 40 

GCF-1 8L 536 12 

GCF-2 8L 452 41 

GCF-3 8L 454 24 
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5.3.4 Electrical conductivity measurements and multifunctionality of fabricated 

composites 

Electrical conductivity (S/cm) of all fabricated composites was measured on both in-

plane (xy- direction) and out of plane through volume (z-direction) to assess the effect 

of the grown GNFs on the electrical behaviour of them (Figure 5.11). The calculations 

for the conductivity values are described at Section 3.12 (Chapter 3, Section 3.12: 

Electrical conductivity measurements on CFRP samples). The conductivity values 

are quoted in Table 5.4. From the results it can be seen that best behaviour on the 

electrical conductivity was exhibited by GCF-1 sample, reporting enhancement on 

both the in-plane and out of plane conductivity up to 45% and 527% respectively 

(CGF-1 4L). The next best sample was GCF-2 with reported values of reinforcement 

up to 37% and 163%, whereas the GCF-3 showed increment up to 16% and 91% 

correspondingly. It is clear, that the sample with the largest aspect ratio of the graphene 

flakes (GCF-1) showed the best results on the electrical conductivity, with the GCF-1 

8L sample exhibiting a tremendous enhancement of 527% on out of plane volume 

which is mainly attributed to the longer GNFs that provided larger conductive paths 

of the current flow between the CF layers inside the laminate. It should be noted here, 

that all the 8L samples (CGF-1 8L, GCF-2 8L and GCF-3 8L) exhibited remarkable 

increment on their out of plane through volume conductivity, when compared to the 

4L ones (GCF-1 4L, GCF-2 4L and GCF-3 4L), which is consistent with the dominant 

role of the larger  number of the conductive CF/GNF hybrid layers  (8 out of 12) 

incorporated in the laminated structure. 
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Figure 5.11. Electrical conductivity of all fabricated composites for both in-plane and 

out of plane through volume directions. GCF-1 sample (1 hr @ 1.8 × 10–2 Torr), GCF-

2 sample (30 min @ 1.8 × 10–2 Torr) and GCF-3 (30 min @ 3 × 10–2 Torr). Mean 

values calculated from total 5 samples for each experimental condition. 

5.3.4.1 Multifunctional assessment of the composites 

For the composite materials created in this work, it was vital that the enhancement on 

their electrical properties was accomplished simultaneously with improvement in the 

mechanical behaviour. For that reason, the correlation of the tensile strength and the 

electrical conductivity was essential to compare all the results. The tensile strength 

values (normalized to the bCF sample) and out of plane conductivity (normalized to 

the bCF sample) of each sample were compared to evaluate multifunctional efficiently 

the composite materials (Figure 5.12).  From the comparison, it was revealed that 

GCF-1 8L sample was the most promising, where its tensile strength was 

preserved/slightly increased, while its conductivity exhibited a remarkable 

reinforcement of about 527%. On the other hand, GCF-1 4L sample showed an 

increase of about 9.67% on its tensile strength, whereas an the out of plane 
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conductivity improved by 45%, making itself a strong candidate in applications where 

stiffer materials are needed and the enhancement of the electrical conductivity is not 

the primary target. 

Table 5.4. Electrical conductivity of all fabricated samples. 

 

 

Figure 5.12. Multifunctional factor (MF) of the fabricated samples. GCF-1 sample (1 

hr @ 1.8 × 10–2 Torr), GCF-2 sample (30 min @ 1.8 × 10–2 Torr) and GCF-3 (30 min 

@ 3 × 10–2 Torr). 

Sample 
In-plane (xy) direction 

(S/cm) 

Out of plane through 

volume direction (z) 

(S/cm) 

bCF 10.32 ± 1.33 0.11 ± 0.03 

GCF-1 4L 14.45 ± 1.13 0.16 ± 0.04 

GCF-2 4L 13.82 ± 1.21 0.13 ± 0.03 

GCF-3 4L 11.91 ± 1.29 0.12 ± 0.03 

GCF-1 8L 14.10 ± 1.37 0.69 ± 0.03 

GCF-2 8L 13.50 ± 1.23 0.30 ± 0.03 

GCF-3 8L 11.67 ± 1.19 0.22 ± 0.03 
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5.4 Conclusions 

In this chapter, the mechanical and electrical performance of CFRP, reinforced with 

rf-PECVD directly grown GNFs, was investigated. The direct growth of the GNFs on 

CF fabrics led to a significant reinforcement of Mode-I and Mode-II interlaminar 

fracture toughness up to 63.9% and 43% respectively.  The enhanced performance of 

the composites was mainly attributed to: i) the improved chemical bonding of the 

GNFs with the epoxy matrix, ii) the more efficient mechanical interlocking of the 

graphene flakes’ 3D network with the resin matrix, iii) increased surface area of the 

deposited CFs, when compared to the featureless and smooth bCFs and iv) prominent 

vertical   orientation of the grown GNFs. The tensile strength results showed that when 

4 layers of deposited fabrics were used, the strength of the composites not only 

preserved (GCF-2, GCF-3) but increased (GCF-1) by 9.67%. However, the 

incorporation of 8 deposited layers into the composite structure led to decreased tensile 

strength for GCF-2 and GCF-3 sample, and preserved strength for GCF-1 sample, 

indicating that incorporation of a larger amount of hybrid fabrics in the laminate  could 

negatively affect the tensile strength of the composites. It is believed that by tailoring 

the graphene flakes aspect ratio it is possible to achieve different values of strength 

reinforcement, and more specific, largest values of aspect ratio (GCF-1) could lead to 

larger values of reinforcement on both tensile strength and fracture toughness values. 

The electrical properties of the produced composites were assessed through 

conductivity measurements on both in-plane and out of plane through volume 

directions. The results revealed that GCF-1 samples showed larger values of 

reinforcement in conductivity, when compared with GCF-2 and GCF-3 composites, 

indicating that larger flakes could possibly create larger conductive paths for the flow 

current and as a result higher values of electrical conductivity. When 8 layers of 
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deposited fabrics were incorporated into the laminated structure, the out of plane 

through volume conductivity was remarkably enhanced, reporting values of 

reinforcement up to 527%, demonstrating that more deposited layers could led to 

larger enhancement of the out of plane conductivity. Generally, the results of this work 

showed huge potential for multifunctional laminated materials, as both mechanical 

and electrical performance of the fabricated composites were increased in specific 

GNFs’ growth conditions, indicating that the rf-PECVD method is suitable for all 

around properties’ reinforcement. Moreover, the incorporation of more deposited 

layers into the laminated structure could possibly be more time consuming and costly,  

making the whole procedure of the composite’s fabrication more complicated33.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

166 
 

References 

(1) ASTM. Standard Test Method for Mode I Interlaminar Fracture Toughness of 

Unidirectional Fiber-Reinforced Polymer Matrix Composites. Annu. B. ASTM Stand. 

2001, 1, 1–12.  

(2) ASTM D7905/7905M-14. Standard Test Method for Determination of the Mode 

II Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced Polymer. Am. 

Soc. Test. Mater. 2014, 1–18.  

(3) Nasser, J.; Zhang, L.; Sodano, H. Aramid Nanofiber Interlayer for Improved 

Interlaminar Properties of Carbon Fiber/Epoxy Composites. Compos. Part B Eng. 

2020, 197, 108130. 

(4) Zhao, J.; Shaygan, M.; Eckert, J.; Meyyappan, M.; Rümmeli, M. H. A Growth 

Mechanism for Free-Standing Vertical Graphene. Nano Lett. 2014, 14, 3064–3071.  

(5) Bo, Z.; Yang, Y.; Chen, J.; Yu, K.; Yan, J.; Cen, K. Plasma-Enhanced Chemical 

Vapor Deposition Synthesis of Vertically Oriented Graphene Nanosheets. Nanoscale 

2013, 5, 5180.  

(6) Shiji, K.; Hiramatsu, M.; Enomoto, A.; Nakamura, M.; Amano, H.; Hori, M. 

Vertical Growth of Carbon Nanowalls Using Rf Plasma-Enhanced Chemical Vapor 

Deposition. Diam. Relat. Mater. 2005, 14, 831–834.  

(7) Lieberman, M. A.; Lichtenberg, A. J. Principles of Plasma Discharges and 

Materials Processing: Second Edition. Wiley Online Library 2005. 

(8) Ostrikov, K.; Cvelbar, U.; Murphy, A. B. Plasma Nanoscience: Setting Directions, 

Tackling Grand Challenges. J. Phys. D. Appl. Phys. 2011, 44, 174001. 

(9) Ferrari, A. C.; Basko, D. M. Raman Spectroscopy as a Versatile Tool for Studying 

the Properties of Graphene. Nature Nanotechnology. 2013, 8, 235–246.  

(10) Cançado, L. G.; Jorio, A.; Ferreira, E. H. M.; Stavale, F.; Achete, C. A.; Capaz, 

R. B.; Moutinho, M. V. O.; Lombardo, A.; Kulmala, T. S.; Ferrari, A. C. Quantifying 

Defects in Graphene via Raman Spectroscopy at Different Excitation Energies. Nano 

Lett. 2011, 11, 3190–3196.  

(11) Hao, Q.; Morton, S. M.; Wang, B.; Zhao, Y.; Jensen, L.; Jun Huang, T. Tuning 

Surface-Enhanced Raman Scattering from Graphene Substrates Using the Electric 

Field Effect and Chemical Doping. Appl. Phys. Lett. 2013, 102, 011102. 

(12) Ferrari, A. C.; Meyer, J. C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.; 

Piscanec, S.; Jiang, D.; Novoselov, K. S.; Roth, S.; Geim, A. K. Raman Spectrum of 

Graphene and Graphene Layers. Phys. Rev. Lett. 2006, 97, 187401.  

(13) Kastner, J.; Pichler, T.; Kuzmany, H.; Curran, S.; Blau, W.; Weldon, D. N.; 

Delamesiere, M.; Draper, S.; Zandbergen, H. Resonance Raman and Infrared 

Spectroscopy of Carbon Nanotubes. Chem. Phys. Lett. 1994, 221, 53–58.  

(14) Karakassides, A.; Ganguly, A.; Tsirka, K.; Paipetis, A. S.; Papakonstantinou, P. 

Radially Grown Graphene Nanoflakes on Carbon Fibers as Reinforcing Interface for 

Polymer Composites. ACS Appl. Nano Mater. 2020, 3, 2402–2413. 



 

167 
 

(15) Childres, I.; Jauregui, L. A.; Tian, J.; Chen, Y. P. Effect of Oxygen Plasma 

Etching on Graphene Studied Using Raman Spectroscopy and Electronic Transport 

Measurements. New J. Phys. 2011, 13, 025008. 

(16) Chan, S. H.; Chen, J. W.; Chen, H. P.; Wei, H. Sen; Li, M. C.; Chen, S. H.; Lee, 

C. C.; Kuo, C. C. The Deviation of Growth Model for Transparent Conductive 

Graphene. Nanoscale Res. Lett. 2014, 9, 581. 

(17) Kim, J. K.; Mai, Y. wing. High Strength, High Fracture Toughness Fibre 

Composites with Interface Control-A Review. Compos. Sci. Technol. 1991, 41, 333–

378. 

(18) Ladani, R. B.; Wu, S.; Kinloch, A. J.; Ghorbani, K.; Zhang, J.; Mouritz, A. P.; 

Wang, C. H. Improving the Toughness and Electrical Conductivity of Epoxy 

Nanocomposites by Using Aligned Carbon Nanofibres. Compos. Sci. Technol. 2015, 

117, 146–158.   

(19) Blanco, J.; García, E. J.; Guzmán De Villoria, R.; Wardle, B. L. Limiting 

Mechanisms of Mode I Interlaminar Toughening of Composites Reinforced with 

Aligned Carbon Nanotubes. J. Compos. Mater. 2009, 43, 825–841. 

(20) Broberg, K. B. Differences between Mode I and Mode II Crack Propagation. Pure 

appl. geophys. 2006, 163, 1867–1879. 

(21) Shin, Y. C.; Lee, W. Il; Kim, H. S. Mode II Interlaminar Fracture Toughness of 

Carbon Nanotubes/Epoxy Film-Interleaved Carbon Fiber Composites. Compos. 

Struct. 2020, 236, 111808.  

(22) Shivakumar, K. N.; Panduranga, R.; Skujins, J.; Miller, S. Assessment of Mode-

II Fracture Tests for Unidirectional Fiber Reinforced Composite Laminates. J. Reinf. 

Plast. Compos. 2015, 34, 1905–1925. 

(23) Wang, X.; Li, C.; Chi, Y.; Piao, M.; Chu, J.; Zhang, H.; Li, Z.; Wei, W. Effect of 

Graphene Nanowall Size on the Interfacial Strength of Carbon Fiber Reinforced 

Composites. Nanomaterials 2018, 8, 414. 

(24) Borowski, E.; Soliman, E.; Kandil, U. F.; Taha, M. R. Interlaminar Fracture 

Toughness of CFRP Laminates Incorporating Multi-Walled Carbon Nanotubes. 

Polymers 2015, 7, 1020–1045. 

(25) Storck, S.; Malecki, H.; Shah, T.; Zupan, M. Improvements in Interlaminar 

Strength: A Carbon Nanotube Approach. Compos. Part B Eng. 2011, 42, 1508–1516. 

(26) Wicks, S. S.; de Villoria, R. G.; Wardle, B. L. Interlaminar and Intralaminar 

Reinforcement of Composite Laminates with Aligned Carbon Nanotubes. Compos. 

Sci. Technol. 2010, 70, 20–28. 

(27) Sager, R. J.; Klein, P. J.; Lagoudas, D. C.; Zhang, Q.; Liu, J.; Dai, L.; Baur, J. W. 

Effect of Carbon Nanotubes on the Interfacial Shear Strength of T650 Carbon Fiber in 

an Epoxy Matrix. Compos. Sci. Technol. 2009, 69, 898–904. 

(28) Zhang, Q.; Liu, J.; Sager, R.; Dai, L.; Baur, J. Hierarchical Composites of Carbon 

Nanotubes on Carbon Fiber: Influence of Growth Condition on Fiber Tensile 

Properties. Compos. Sci. Technol. 2009, 69, 594–601. 



 

168 
 

(29) Lachman, N.; Qian, H.; Houllé, M.; Amadou, J.; Shaffer, M. S. P.; Wagner, H. 

D. Fracture Behavior of Carbon Nanotube/Carbon Microfiber Hybrid Polymer 

Composites. J. Mater. Sci. 2013, 48, 5590–5595. 

(30) Papageorgiou, D. G.; Li, Z.; Liu, M.; Kinloch, I. A.; Young, R. J. Mechanisms of 

Mechanical Reinforcement by Graphene and Carbon Nanotubes in Polymer 

Nanocomposites. Nanoscale 2020, 12, 2228–2267. 

(31) Szabo, L.; Imanishi, S.; Hirose, D.; Tsukegi, T.; Wada, N.; Takahashi, K. Mussel-

Inspired Design of a Carbon Fiber−cellulosic Polymer Interface toward Engineered 

Biobased Carbon Fiber-Reinforced Composites. ACS Omega 2020, 5, 27072–27082. 

(32) Sha, Z.; Han, Z.; Wu, S.; Zhang, F.; Islam, M. S.; Brown, S. A.; Wang, C. H. 

Low-Temperature Plasma Assisted Growth of Vertical Graphene for Enhancing 

Carbon Fibre/Epoxy Interfacial Strength. Compos. Sci. Technol. 2019, 184, 107867. 

(33) Saghafi, H.; Ghaffarian, S. R.; Yademellat, H.; Heidary, H. Finding the Best 

Sequence in Flexible and Stiff Composite Laminates Interleaved by Nanofibers. J. 

Compos. Mater. 2019, 53, 4065–4076.  

 

 

 

 

 

 



 

169 
 

Chapter 6  

 

 

 

 

 

Conclusions and 

suggestions for future 

research 

 

 
 

 

 

 



 

170 
 

6.1 Conclusions 

The current thesis focused on the study of hierarchical carbon fibre reinforced 

composites (CFRP), nanoengineered via direct growth of graphene nanoflakes (GNFs) 

on carbon fibres. In this work two different types of plasma enhanced chemical vapour 

deposition systems (PECVD) were used for the growth of GNFs, a microwave 

PECVD (mw-PECVD) and a radio frequency PECVD (rf-PECVD). The PECVD is a 

straight-forward and quick method, with main advantage the absence of a catalyst for 

the GNFs’ growth, in contrast to the conventional thermal CVD systems used for 

growth of CNTs. The PECVD systems can produce large deposition areas, which in 

return can be used for large scale production of composite parts. Moreover, an 

alternative route for reinforcement of CFRP was investigated, by CO2 laser irradiation 

of carbon fibres (CFs), which proved particularly effective for enhancing the electrical 

conductivity of the fabricated composite structures.  

Regarding the mw-PECVD method, the direct growth of the vertical GNFs was 

initially performed on both single CFs and CF tows, which were subsequently 

characterized regarding their mechanical, electrical and electrochemical properties 

(Chapter 4). The mechanical properties of the GNFs/CFs hybrids were assessed in 

single fibre scale through tensile strength measurements and interfacial shear strength 

tests respectively. The GNFs were grown as a function of different microwave powers 

between 500 and 950 W at two different growth temperatures of 300 and 600 °C. A 

remarkable enhancement in the tensile strength of the hybrid fibres by 28% was 

observed via single-fibre tensile strength tests. The results in this thesis showed that 

under optimized conditions, the GNFs’ growth not only evades the destruction of the 

in-plane mechanical performance, frequently met in other hierarchical 
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nanoreinforcements, but also leads to a notable enhancement of it, when compared to 

the reference bare fibres. Such improvement in tensile was attributed to the  

(i) a reduced thermal loading on the CFs due to quick GNF growth of only 

few minutes 

(ii) the elimination of harmful chemical processes prior to growth as no 

catalyst was required  

(iii) the highly crystalline quality of GNFs that helped to restrict crack 

propagation.  

Single carbon fibre fragmentation tests showed that the GNFs enhanced by 101.5% 

the interfacial shear strength of the produced composites, in comparison with the 

reference bCF, demonstrating a strong chemical bonding between the GNFs and the 

resin matrix. Important assets that led to the reinforced chemical bonding and 

mechanical interlocking between the grown GNFs and the matrix were: 

i) the increased surface area of the hybrid GNFs/CFs 

ii) the abundance of edge defects  

iii) the gradient interface of GNFs network. 

Furthermore, the direct contact between the GNFs and CFs led to significant 

improvements in electrical conductivity (60.5%) over the control bCFs. Therefore, all 

these enhancements in the in-plane and interfacial properties as well as electrical 

conductivity demonstrated the noteworthy potential of GNFs as a reinforcement 

interface for the manufacturing of future multifunctional carbon fibre reinforced 

polymer composites. 

With regards to the rf-PECVD process (Chapter 5), the direct growth of the GNFs 

was conducted onto large CF fabrics using CH4 as the gas precursor. Different growth 
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parameters, as a function of total pressure and deposition time, were selected for this 

study. Afterwards, the deposited CF fabrics were characterized physiochemically, as 

well as mechanically, through interlaminar fracture toughness (Mode-I and Mode-II) 

and tensile strength measurements. Moreover, the electrical conductivity of the 

fabricated composites was investigated as well, for the development of reinforced 

composites with multifunctional built-in properties. For the fabrication of the 

laminated structures, the selected process was the vacuum assisted resin infusion 

(VARI) one. The VARI method is a simple and straight forward procedure, with 

relatively low cost for high volume fabrication, able to produce large scale composite 

parts, in contrast to the more expensive autoclave methods that the industry frequently 

is using. The direct growth of the GNFs on CF fabrics led to a noteworthy 

improvement of Mode-I and Mode-II interlaminar fracture toughness up to 63.9% and 

43% correspondingly.  The boosted mechanical performance of the laminates was 

attributed to:  

i) the stronger chemical binding of the GNFs with the resin matrix 

ii) the more effective mechanical interlocking of the GNFs’ 3D labyrinth-like 

network with the epoxy 

iii) amplified surface area of the GNF/CFs hybrids in comparison to the featureless 

and smooth bCFs  

iv) orientation of the grown GNFs.  

The tensile strength results revealed that when 4 layers of deposited fabrics were used, 

the strength of the composites not only preserved (GCF-2, GCF-3) but increased 

significantly as well (GCF-1) by 29%. However, the incorporation of 8 deposited 
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layers into the composite structure led to decreased tensile strength for GCF-2 and 

GCF-3 sample, while preserved the tensile strength for GCF-1 sample, indicating that 

introduction of increased number of nanoengineered fabrics could negatively affect 

the tensile strength of the fabricated composites. It is believed that by tailoring the 

graphene flakes aspect ratio it is possible to achieve different values of strength 

reinforcement, and more specific, largest values of aspect ratio (GCF-1) could led to 

larger values of reinforcement. The electrical properties of the produced composites 

were assessed through conductivity measurements on both in-plane and out of plane 

through volume directions. The results revealed that GCF-1 samples showed larger 

values of reinforcement when compared with GCF-2 and GCF-3 composites, 

indicating that larger flakes could possibly create larger conductive paths for the flow 

current and as a result higher values of electrical conductivity. When 8 layers of 

deposited fabrics were incorporated into the laminated structure, the out of plane 

through volume conductivity was remarkably enhanced, reporting values of 

reinforcement up to 527%, demonstrating that introduction of a larger number of 

layers could lead to larger enhancement of the out of plane conductivity. Generally, 

the results of this work showed huge potential for multifunctional laminated materials, 

as both mechanical and electrical performance of the fabricated composites were 

increased in specific GNFs’ growth conditions, indicating that the rf-PECVD method 

is suitable for all around properties’ reinforcement.  

The need for even less time consuming and simpler methods for the production of 

large-scale composite parts, led us into the investigation of alternative routes for all 

around properties’ reinforcement. Hence, this thesis also investigated the use of 

commercially available CO2 laser source as a means of nano-structuring the surface 

of CF tows in an incessant throughput procedure. The irradiated CF yarns were tested 
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prior to manufacture of the composite materials, both in terms of tensile strength and 

electrical conductivity, to study the impact of the laser irradiation to the CFs 

themselves. Our results showed that even though there was a reduction in the tensile 

strength of the textured CFs, the electrical conductivity was improved (up to 18.4%), 

owing to (i) the laser induced graphitic nanostructuring on the CFs’ surface and (ii) 

laser induced thermal transformation of amorphous to graphitic carbon in the bulk of 

the fibre. Additionally, the results of Mode-I interlaminar fracture toughness on the 

produced laminated structures, revealed that the interlaminar region was not affected 

by this decrement in the tensile strength of CFs, as the values of toughness were almost 

the same. Fractography analysis further established that the CF/epoxy bridging effect 

was not affected by the laser induced graphitic texturing. Moreover, the out-of-plane 

electrical conductivity on both through thickness and volume directions was enhanced 

by 18% and 43% respectively. This improvement on the electrical conductivity of the 

irradiated laminates is associated with improved conductive paths created within and 

between the CFs upon irradiation.  

Overall, the results demonstrate that CO2 irradiation is a promising route for enhancing 

the electrical conductivity of the laminated structures without sacrificing the Mode-I 

interlaminar fracture toughness. However, one limitation is the preservation of tensile 

strength in single CFs, associated with the high temperatures generated in the bulk of 

the fibre. Our work demonstrates that controlled CO2 laser irradiation at reduced laser 

fluences is an effective route to graphitize the surface of CFs and enhance the bulk 

composite electrical conductivity needed for large-scale, multifunctional structural 

applications. The laser induced surface modification of CFs is a straight-forward one 

step scalable method, when compared to conventional CVD or solution-based 

methods employed to modify CFs; it eliminates complicating time-consuming 
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processing steps; hence, it is economically viable and can be easily commercialized 

using widely available CO2 lasers. 

Overall, all the aims that initially set forth in the beginning of this thesis were 

accomplished, showing that this relatively unexplored nanostructure (GNFs), can 

actually reinforce not only the mechanical performance of the fabricated composite 

structures, but remarkably enhance the electrical properties of them. Additionally, the 

alternative routes examined for composites’ properties enhancement, showed 

interesting results. So far, the irradiation of CFs with CO2 or laser beam sources have 

focused on intense laser conditions suitable for cutting of the CFs rather on inducing 

surface texturing. Being inspired by these facts, the idea of irradiating the CFs prior to 

the composites manufacturing for boosted electrical properties was successful, leading 

to composites with boosted electrical performance without sacrificing their 

interlaminar fracture toughness. 

6.2 Suggestions for future research 

Within the aims set forth for this thesis, we managed to enhance the tensile strength 

of GNFs/CFs hybrid utilizing the mw-PECVD method, in contrast with the majority 

of results that can be found in the literature, for both GNFs and CNTs as 

nanoreinforcements. The reasons for this enhancement were analysed in detail in 

Chapter 4. However, one of the major challenges that exists in the mw-PECVD is the 

large-scale production of samples. The nature of the plasma in the mw-PECVD system 

(plasma has the shape of ball) was limiting the deposited area of the samples. Hence, 

there is a need for demonstrating larger deposited areas utilizing the mw-PECVD as 

the results showed remarkable all-around improvements of the GNFs/CFs hybrids.  
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Electron cyclotron resonance (ECR) plasmas are widely used in etching processes of 

materials. These plasmas are generated in very low-pressure conditions and low ion 

energies but possessing high densities of reactive species. ECR plasmas can be 

generated through a 2.45-GHz microwave plasma source, similar to the one we used 

for our study in this thesis. However, the ECR plasma does not have the confined 

shape of ball, instead it is unform. It is believed that by tailoring the ECR plasma 

conditions it is possible to use it in order to directly deposit GNFs onto CFs, but with 

larger deposited areas when compared to the limited microwave plasma ball areas. 

There is very limited related work so far in the literature related to the deposition of 

carbon nanomaterials using the ECR method, as the use of the process is mostly 

affiliated with etching procedures as mentioned above. Hence, the plan for the future 

is to deposit CF fabrics with the ECR plasma, from the moment we have shown that 

the mw-PECVD is enhancing remarkably the tensile, interfacial strength as well as the 

electrical conductivity of the hybrid fibres and small dimensions composites. From the 

moment that ECR plasma column can deposit larger areas of substrates, we would be 

able to scale up the procedure of Chapter 4 and fabricate larger CFRP with boosted 

properties.  

Another plan for future work would be to incorporate the GNFs growth of the rf-

PECVD system into a roll-to-roll line for the continuous deposition of graphene flakes 

onto CFs, to reduce dramatically the time needed for the procedure. The idea of the 

roll-to-roll line can be found already in the literature regarding other nanomaterials, 

such as CNTs, but there is no related work about GNFs. Moreover, it is assumed that 

if we integrate a sizing bath at the end of the line it is possible to manufacture fibres 

with a more complex structure, including the GNFs beneath a layer of sizing, making 

them suitable not only for weaving into CF fabrics, using the appropriate equipment, 
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but healthier to handle as well, from the moment we will not come in direct contact 

with the GNFs nanocoating due to existence of the sizing. Overall, this approach is a 

step forward to commercialization of CF/GNFs. 

One promising study which is currently underway, is the better optimization of the 

growth conditions in order to achieve larger GNFs heights without possessing though 

the corrugated morphology that observed in Chapter 5. So far, the maximum non 

corrugated GNFs height we managed to achieve, was about 0.8 μm. We believe that 

by tailoring the growth parameters and more specific the total pressure of the system 

and the flow rate of the precursor it is possible to achieve this aim. The work plan 

includes depositing GNFs in higher total pressures than the ones selected in Chapter 

5, as well as different precursor mixtures in comparison with the neat CH4 gas that 

used in that chapter. One particular mixture that can be used to avoid this corrugated 

morphology is the CH4/H2 one, with the ratio that is going to be used, currently being 

under evaluation. Additionally, during Mode-I and Mode-II fracture toughness tests, 

a linear variable differential transformer (LVDT) could be used to see if the 

displacement could be monitored more accurately. 

Within the scope of this research work as well, the functionalization of the grown 

GNFs with -SiO- groups could be considered as a novel and relatively new method 

for succeeding increased mechanical performance of the fabricated composites. These 

functional groups can be formed utilizing tetramethylsilane (TMS- Si(CH3)4) 

precursor in the rf-PECVD system to generate a plasma. The epoxy resin that was used 

for the investigation of the composites’ properties in this thesis, consisted of bisphenol 

A and other reaction products. Most of these epoxy resins possess a hydrophilic nature, 

while the GNFs a hydrophobic one. It is well known that the -SiO- are of hydrophilic 

nature and their presence onto the grown GNFs could possibly transform the GNFs’ 
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hydrophobic nature to a hydrophilic one. The result of this procedure could possibly 

reinforce the chemical bonding between the epoxy matrix and the GNFs/CFs hybrids, 

due to their hydrophilic nature and lead to a further enhanced mechanical performance 

of the fabricated composites. 

Finally, regarding the CO2 laser irradiation of CFs (Appendix A,B) it would be useful 

to investigate the mechanical performance of the laminated structures, through Mode-

II interlaminar fracture toughness and tensile strength tests. Additionally, it is believed 

that by investigating additionally the irradiation parameters of the CFs it could be 

possible to avoid the degradation of the irradiated fibres’ tensile strength. This 

degradation of the fibres’ in-plane mechanical properties could be also avoided by the 

use of other laser sources, and more specifically by using excimer or ultrafast 

femtosecond sources. In the literature there are some research works reporting the 

femtosecond irradiation of CFs as a non-destructive method for creating specific 

patterns on the CFs’ surface. However, these studies are still on single CF or CF tow 

scale, and hence there is a need to be examined in composite scale as well. 
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Appendix A 
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A.1 Introduction 

Composite materials, especially carbon fibre reinforced polymers (CFRP), made of 

epoxy resin and carbon fibres (CFs) as reinforcement, are dominating nowadays the 

production of lightweight components for aeronautics1, marine2, automotive3 and 

wind energy4 markets. This gradual domination over metallic structures in the above 

industries, is mainly driven by the requirement of reduced body-mass parts, which 

leads to decreased fuel consumptions and in turn, fuel cost and CO2 emissions. A 

consequence of this persistent requirement is the need to further expand the 

multifunctionality of CFRP, to improve system designs, and achieve greater weight 

reduction. For instance, external functions such as structural health monitoring5, 

energy storage6, strike protection7, electromagnetic shielding8 and actuation9 can now 

be successfully integrated into composite structures.  

A strong fibre-matrix interface is an important aspect for maximizing the structural 

performance of fibre reinforced polymer matrix composites. Introducing 

nanostructures on the fiber, such as oriented carbon nanotubes (CNTs)10–16, graphene 

nanoflakes (GNFs)17–19 or metal oxide nanowires20–25 has proven an effective 

technique for simultaneously enhancing the interfacial properties of CFRP composites 

and imparting additional functionalities (e.g. enhanced electrical conductivity, 

piezoelectricity etc.), by creating a hierarchical structure at the fibre-matrix interface 

region. Laboratory-scale processes have created hierarchical interfaces on fibers with 

remarkable multifunctional properties, but are not feasible for high-volume, 

continuous fiber production, which is necessary for the commercialization of nano-

engineered CFRPs. The challenge lies in effectively integrating these hierarchical 

structures to offer scalability and economic viability to progress toward 
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commercialization. One potential, route for tackling this challenge is the laser induced 

modification of bare CFs, which is rather unexplored so far.   

The utilisation of pulsed lasers for the surface modification of CFRP composites in 

joining applications, has gained increasing attention in the last decade 26–29. Being a 

non-contact technique, laser processing minimizes mechanical damage and avoids tool 

wear and surface contamination, which are common problems encountered with 

mechanical methods such as abrading30 and blasting processes31. However, reducing 

the heat affected zone (HAZ) in CFs, induced by the thermal nature of the 

laser/material interactions remains an obstacle. In this context, ultrafast lasers working 

in the picosecond or femtosecond regime are the most efficient for CFRP surface 

texturing, leading to an improvement in adhesive bonding between CFRP parts in 

terms of Mode I and II fracture energy32–34, since the HAZ and mechanical degradation 

on the CFs are minimal.  

The direct writing of femtosecond fs-laser-induced periodic surface structures (LIPSS) 

on CFs is a single step process, using linearly polarized irradiation and has gained 

increased attention. It is generally accepted that their formation mechanism is related 

to a spatially modulated energy pattern, resulting from the interference of the incident 

laser radiation with surface electromagnetic waves, which are generated by 

scattering35. Tensile tests on single carbon fibres (10 m diameter) decorated with 

LIPSS of approximately 150 nm revealed that fs irradiation preserved the tensile 

strength of the exposed fibres36. Even-though fs-laser processing seems promising, 

their adoption in commercial CFRP manufacturing is prohibited by their high cost and 

reduced availability for roll-to-roll processing. 
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So far, the irradiation of CFs with commercially available CO2 or Nd:YVO4 laser 

beam sources have focused on intense laser conditions suitable for cutting of the CFs 

rather on inducing surface texturing37.  Under Nd:YVO4 laser irradiation conditions 

CFs exhibited decrement in the tensile strength up to 75% and a  reduction in stiffness 

by 17%. 

The current work systematically investigates the effect of CO2 laser irradiation on CF 

tows and unidirectional carbon cloths under conditions suitable for inducing CF 

surface texturing without breaking the fibres. The uniformity and the texturing 

changes due to laser exposure were examined through Raman spectroscopy and SEM 

analysis. The mechanical properties of the irradiated CFs were examined via single 

carbon fibre tensile strength tests on CFs and Mode-I interlaminar fracture toughness 

measurements on their laminated structures. Electrical conductivity tests on both 

irradiated CFs and their CFRP composites were performed in order to observe any 

changes in the conductive paths that could potentially be introduced by the laser 

texturing.   

A.2 Experimental section 

A.2.1 Materials 

The materials used for this chapter can be found analytically in Chapter 3: Materials 

and Methods, Section 3.2: Materials. 

A.2.2 CO2 irradiation of the CFs 

The procedure of CO2 irradiation of the CFs is described in Chapter 3, Section 3.5: 

Texturing of CFs using CO2 laser irradiation. 
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A.2.3 SEM analysis 

The surface morphology of the irradiated CF yarns and of the delaminated specimens 

was observed with a field emission scanning electron microscope FE SEM (Chapter 

3, Section 3.6 Field emission electron scanning microscopy (FE FESEM)) operated 

at an accelerating voltage of 15 kV (irradiated CF yarns) and 1kV (delaminated 

samples). Micrographs were acquired along CF yarns in order to determine any 

possible changes of the irradiated areas, as well as at the interlaminar region of the 

tested laminates, to identify the mechanism of CFRP delaminating procedure.  

A.2.4 Raman characterization  

Raman characterization was used to assess the laser induced structural changes and 

uniformity of the CFs’ surface “roughening”, using an excitation wavelength of 532 

nm (RL532C laser source) at a Renishaw Invia Qontor system (Chapter 3, Section 

3.7: Raman spectroscopy). 

A.2.5 Single carbon fibre tensile strength measurements 

The method followed to test the single carbon fibre tensile strength of the textured 

fibres was the same as the one used for the hybrid GNFs fibres in Chapter 4. The 

method is described in detail in Chapter 3, Section 3.11.3: Tensile strength 

measurements. 

A.2.6 Laminate preparation 

The CFRP laminates were fabricated following a vacuum assisted resin infusion 

process (VARI- Chapter 3, Section 3.10: CFRP lamination process). All specimens 

consisted of 16 plies in total ([0/90]7/ [0]2/ [0/90]7), with an average of around 50-55% 
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fibre volume fraction. The 2 plies in the centre of each specimen were UD unwoven 

CF as described at the materials section.  

For the reference sample, 7 layers of carbon plain fibre were stacked together 

possessing dimensions of 20 cm x 4 cm x 0.3 mm each. Then, the 2 layers of UD fibre 

(PCF) of same dimensions were placed at the interface and another 7 layers of plain, 

woven fibre cloth were stacked on the top of them, making eventually a 16-plies 

laminate sample. The laminated procedure for the irradiated sample (PCF4.25W) was 

the same, with only difference that the 2 intermediate UD fibre layers had been 

irradiated and were placed facing each other. Furthermore, post curing of all samples 

was performed inside a vacuum oven at 60 °C for 6 hours, following the instructions 

of the manufacturer of the epoxy resin system. Afterwards, the samples were cut with 

a tile saw machine to the desirable dimensions (12.5 cm x 2 cm x 3 mm) for accessing 

the Mode I interlaminar fracture toughness, according to the ASTM D5528 – 1338. 

A.2.7 Mode-I interlaminar fracture toughness measurements 

The textured interlaminar area of the fabricated CFRP was studied utilizing Mode I 

interlaminar fracture toughness tests (Chapter 3, Section 3.11.1 Mode-I 

interlaminar fracture toughness measurements), through the double cantilever 

beam (DCB) technique and always according to ASTM D5528-13 standard38.  

A.2.8 Electrical conductivity measurements 

Electrical conductivity tests were carried out on the CFRP, via a two-probe process 

(Chapter 3, Section 3.12: Electrical conductivity measurements on CFRP 

samples). Both out of plane through volume and through thickness measurements 
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were carried out in order to investigate the electrical conductivity of the fabricated 

laminates in both directions. 

A.3. Results and discussion 

A.3.1 CO2 irradiation of the CFs 

The following five laser powers were selected for the irradiation of the samples: 3.75 

W, 4.25 W, 4.75 W, 7.5 W and 10 W, in order to examine the effect of the fluence on 

CF’s surface. The dimensions of the CF yarns were selected at length = 6 cm and width 

= 0.6 cm. The fluence [J cm-2] of the laser beam was calculated according to Equation 

3.139–41 (Chapter 3, Section 3.5: Texturing of CFs using CO2 laser irradiation). 

The spot size area of the laser beam was assumed as a rectangle, having as length the 

diameter of the spot size per pulse (76 μm) and as width the CF’s diameter (7 μm). 

The scan speed of the laser was fixed at 48.5 cm s-1, during the irradiation. The 

estimated laser fluences for the experimental irradiation conditions are presented in 

Table A.1. Figure A.1 presents theoretical calculations of the variation of laser 

fluence as a function of laser speed for various laser beam powers. It is evident that 

when the scan speed of the laser system is decreasing, the fluence levels of the beam 

are increasing (Figure A.1a). At the fixed scan speed value of 48.5 cm s-1, used in this 

work, an increase in laser power is accompanied by a simultaneous increase in laser 

fluence (Figure A.1b).  
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Table A.1. Fluence calculation of all irradiated samples. 

Sample 
Scan speed 

(cm/s) 

Power 

(W) 
PPI Fluence (J/cm2) 

TCF3.75 W 48.5 3.75 1000 
37 
 

TCF4.25 W 48.5 4.25 1000 42 

TCF4.75 W 48.5 4.75 1000 47 

TCF7.5 W 48.5 7.5 1000 74 

TCF10 W 48.5 10 1000 99 

PCF4.25 W 48.5 4.25 1000 42 

 

Figure A.1. (a) Fluence, scan speed and power correlation contour map. (b) 

Relationship between fluence and scan speed at different laser beam powers. 

 

 

 

 



 

187 
 

A.3.2 SEM analysis 

SEM micrographs of the CFs before (Figure A.2a-b) and after laser irradiation 

(Figure A.2c-p) were acquired, in order to observe the differences on the morphology 

of the exposed surface as a function of different fluences (more detailed SEM 

micrographs can be found in the Supporting information, page S2, section 

S1.Additional SEM micrographs of PCF UD cloths and TCF tows are provided in 

Appendix B, Figures B.1-16). Five laser powers were selected (3.75 W, 4.25 W, 4.75 

W, 7.5 W and 10 W), with corresponding fluences of 37 J/cm2, 42 J/cm2, 47 J/cm2, 74 

J/cm2 and 99 J/cm2 respectively. At the fluence of 37 J/cm2 there is an insignificant 

“roughening” of the CF surface, however the presence of small particles was clearly 

visible, when operating the SEM system at 15 kV, indicating that they were quite 

conductive (Figures A.2d and B.10). As the fluence was increased to 42 J/cm2, the 

density of the particles increased substantially and at 47 J/cm2 the “roughening” of the 

CF surface became apparent (Figures A.2f, A.2h, B.11 and B.12), through the 

development of nanosized “vertical fins”. When the fluence surpassed the value of ~ 

50 J/cm2, CF destruction was observed (fibres were cut) (Figures A.2i-l).  A closer 

look at the destructed area, revealed the formation of 200-300 nm cauliflower-liked 

graphitic structures (Figures A.2j, Al, B.13 and B.14) green dashed circular areas), 

indicating that an engraving phenomenon took place prior to the cutting, creating 

significant modulations on the CFs. In addition, Figures A.2l and B.14 reveal the 

removal of skin layers from the surface of the fibre (blue highlighted dashed area) 

suggesting that the laser beam actually etched the CFs’ surface layer by layer.  

The fluences of the experimental work in this paper were selected below the threshold 

value of 50 J/cm2, where no broken fibres were detected. However, at the fluence of 
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47 J/cm2 a noticeable expansion on the CFs’ diameter was noted, which was an 

indication for the thermal loading within the bulk of the fibre. It is worth noting that 

due to the non-uniform flatness of a woven carbon cloth (e.g. warp and weft directions 

have different heights) the focal spot size was varying generating substantial 

heterogeneity on the irradiated areas. In order to assure the uniformity of the irradiated 

area a Unidirectional (PCF) cloth was selected (Figures A.2m-p, B.1-7, B 15 and B 

16) for Mode-I experiments (Figures B.1-7). 

 
Figure A.2. SEM micrographs of the irradiated samples. (a-b) bTCF, (c-d) TCF3.75 W 

, (e-f) TCF4.25 W , (g-h) TCF4.75 W , (i-j) TCF7.5 W , (k-l) TCF10 W , (m-n) bPCF, (o-p) 

PCF4.25 W. (More detailed SEM micrographs can be found in the supporting 

information, section S1, Figures B.8-12, B.15 and B.16). 

 

A.3.3 Raman characterization 

Raman characterization was performed on CFs in order to elucidate the induced 

structural changes upon laser irradiation and assess the uniformity of the modified CF 

surfaces. All spectra (Figure A.3) contained prominent vibrational modes near 1343 

cm-1, 1582 cm-1 and 2685 cm-1, which correspond to the D, G and the 2D bands, 
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respectively17,42,43. The D band is due to the presence of defects such as distortion, 

vacancies and strain in graphitic networks arising from finite crystallite size and is 

associated with transverse optical (TO) vibrations near the K point. The G band is 

representative of sp2 bonding and originates from first-order Raman scattering. The 

2D band results from a double resonance Raman process. The shoulder peak in the G 

band (D′), is a band indicative of finite graphite crystals and graphene edges. Figure 

A.4 shows the correlation between the fluence (J/cm2) and the ID/IG intensity ratio of 

the irradiated samples. It is apparent that as the fluence increased to higher levels, the 

ID/IG ratio increased as well, indicating the existence of more defective structures, 

which correlated well with the increased “roughening” at higher fluences, observed 

from the SEM analysis. More specifically, at a fluence of 37 J/cm2 (3.75 W) the ratio 

was calculated ~ 0.94, at a fluence of 42 J/cm2 (4.25 W) ~1.02 and at a fluence of 47 

J/cm2 (4.75 W) ~1.10 for TCF fibres. However, PCF fibre (Unidirectional cloth) at 42 

J/cm2 exhibited a larger intensity ratio (~1.12), when compared to TCF exposed at the 

same fluence and was comparable to TCF exposed to a fluence of 47 J/cm2 (more 

Raman spectra of the PCF irradiated samples as a function of different laser powers 

can be found in Figure B.17. The intensity of the 2D band gradually increased with 

increasing fluence, showing a very well-defined sharp band at the higher fluence 

samples (TCF4.75 W and PCF4.25 W) implying a high degree of graphitization. It is 

insinuated, that the TCFs seem to require relatively larger fluence (by 5 J/cm2) to 

achieve a high degree of surface graphitization when compared to the PCFs.  This 

difference can be attributed to either different graphitisation response of the fibres 

upon irradiation or  to the thick sizing agent of TCF (T700SC : 1.1%  of sizing 

agents)44, which is acting as a shield to the laser irradiation, requiring higher fluence 

values to achieve the desirable “roughening” of the CFs’ surface. Another notable 
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observation on the Raman spectra of irradiated PCF samples (Figure B.17), was at 

fluencies equal or higher to 44 J/cm2 (4.5 W) the D and G bands broadened resembling 

those of  non-irradiated  bPCF fibres, whereas the 2D band was still present. The 

reason for the broadening of  D and G bands can be attributed to the increased 

structural disorder in the graphite crystalline structure induced by the higher laser 

power irradiation36,45. 

 

 

  
Figure A.3. Raman analysis of the irradiated samples. TCF denotes Toray CFs 

(T700SC), while PCF denotes the Pyrofil fibres (TR50S). bTCF and bPCF represent 

control bare non-exposed CFs. 
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Figure A.4. Fluence vs ID/IG intensity ratio of the irradiated samples. 

 

A.3.4 Single carbon fibre tensile strength measurements 

Single fibre tensile strength experiments were performed to examine the effect of laser 

irradiation, on the in-plane mechanical properties of CFs (Figure A.5). The gauge 

length for every specimen was selected at 20 mm, following the methodology 

described in Chapter 3, Section 3.11.3: Tensile strength measurements. The tensile 

strength of non-exposed CFs, bTCF and bPCF, was estimated as 3.2 ± 0.32 GPa and 

3.19 ± 0.36 GPa respectively. For the range of investigated fluences (37 - 47 J/cm2; 

power: 3.75 - 4.75 W), a decrease up to 61% was observed on the tensile strength of 

the irradiated CFs (2.14 - 1.25 ± 0.38 GPa) when compared to reference (bTCF and 

bPCF) ones. It can be assumed that, the deterioration of the CFs’ tensile strength was 

caused by the high temperatures that were generated by the CO2 photothermal effect. 

By definition, fluence is the energy delivered by the laser beam per unit area, which 

means that when the fluence was increased to higher levels, the induced thermal 
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loading on CFs increased as well, causing greater deterioration of the CFs’ tensile 

strength. However, even at low fluences the thermal loading was sufficiently high, to 

inflict detrimental effects to the mechanical integrity of them. PCF4.25 W displayed a 

lower decrement in the tensile strength (-33%) compared to TCF4.25 W (-58%) and this 

can be attributed to the different turbostatic nature of the original non-exposed fibres 

(Table A.2), however the Raman ID/IG did not show any significant difference (bTCF: 

0.85; bPCF: 0.88). SEM analysis revealed that bTCF (Figures A.2a-b,) possessed an 

extremely smooth surface, when compared to bPCF (Figures A.2m-n,), where 

graphitic stripes were observed, (originating from the drawing process of the fibre). 

  
Figure A.5. Single carbon fibre tensile strength for all irradiated samples. 

A.3.5 Electrical conductivity measurements on activated CF yarns 

The electrical conductivity of CF yarns before and after the laser beam irradiation is 

shown in Figure A.6. The electrical conductivity of both specimens (TCF, PCF) was 

calculated using Equation 3.9 as described in Chapter 3, Section 3.9 Electrical 
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conductivity measurements on single hybrid GNFs/CFs and GNFs/CFs yarns. 

bTCF and bPCF exhibited a conductivity of approximately 220 S cm-1 and 180 S cm-

1 respectively, which increased after irradiation. The highest electrical conductivity 

value was observed for TCF4.75 W = 260 S cm-1, displaying an increase of 

approximately 18.4%. Overall, irradiated specimens displayed an increase in 

conductivity with increasing laser fluence, when compared to control non-exposed 

samples (bTCF and bPCF). This enhancement in electrical conductivity (Table A.2) 

can be attributed to the microstructure of polyacrylonitrile based CFs (PAN CFs) 

which possess a turbostratic nature consisting of graphitic, arbitrarily folded sheets 

and amorphous carbon46,47. Upon CO2 laser irradiation, due to heating nature of the 

irradiation, the amorphous carbon can be transformed to graphitic, enhancing the CFs’ 

electrical conductivity48–52.  

 
Figure A.6. Electrical conductivity (σ) of all irradiated yarns. 
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Table A.2. Tensile strength and electrical conductivity (σ) of all irradiated samples. 

Sample Tensile strength (GPa) 

Electrical 

conductivity 

σ (S/cm) 

bTCF 3.21 ± 0.22 220 ± 11 

TCF3.75 W 1.59 ± 0.21 222± 15 

TCF4.25 W 1.34 ± 0.19 257± 13 

TCF4.75 W 1.25 ± 0.23 261 ± 17 

bPCF 3.19 ± 0.26 180 ± 12 

PCF4.25 W 2.14 ± 0.28 199 ± 14 

 

A.3.6 Mode-I interlaminar fracture toughness measurements 

The interlaminar fracture toughness was determined in terms of the Mode-I strain 

energy release rate, in propagation (GIc,PROP
) . The GIc load versus displacement 

representative curves for both reference and PCF4.25 W samples are shown in Figure 

6.7. For the calculation of the strain energy release rate, Equation 3.12 (Chapter 3, 

Section 3.11.1: Mode-I interlaminar fracture toughness measurements) was used. 

All the values summarized in Table A.3 were based on Mode-I fracture with a pre-

crack of 50 mm. The comparative values obtained from GIc tests are illustrated in 

Figure A.8a.  From the results it can be seen that the fabricated laminates preserved 

their interlaminar fracture toughness, as the GIc,PROP
 strain energy release rate values 

were almost similar, 1268 ± 56 J m-2 and 1254 ± 80 J m-2 for reference and PCF4.25 W 

sample respectively. Furthermore, the propagation resistance curves (R-curves) in 

Figure A.8b, display representative curves of Mode I interlaminar fracture toughness 

as a function of the delamination length observed for both the reference and PCF4.25 W 
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sample. The experimental data showed that the values of GIc were gradually increased 

within the crack growth phase between 50-60 mm and reached steady-state fracture 

toughness values at delamination length values above 60 mm.  

  

Figure A.7. GIc load (N) versus displacement (mm) representative curve for 

reference and PCF4.25 W samples. 

 

Figure A.8. (a) Average GIc mode-I interlaminar fracture toughness. (b) Propagation 

R-curves for both reference and PCF4.25 W samples. 
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6.3.7 Fractography of the tested samples 

Fractography analysis of the tested Mode I samples confirmed the interlaminar 

fracture toughness results, reported in Table A.3. PCF4.25 W samples, that exhibited 

almost the same interlaminar fracture toughness as the reference samples, presented a 

similar interlaminar region, as it can be seen clearly by the SEM photos (Figure A.9). 

More specifically, there were some individual CFs on both samples, that were pulled 

out from the polymer matrix (Figure A.9a and Figure A.9c), as seen by the CF 

imprints that were created by the pull-out forces. Furthermore, it could be observed 

that some fibres broke during the tests. An important observation was that the bridging 

effect between the epoxy resin and the CFs was not deteriorated during the laser 

activation of the samples, as there were not any differences in the SEM micrographs 

(Figure A.9b and Figure A.9d). In summary, the fractography analysis confirmed the 

Mode-I results as no obvious differences in the interlaminar region of the tested 

laminates were observed. 
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Figure A.9. Fractography analysis of the reference (a-b) and PCF4.25 W (c-d) samples 

after Mode I test. 

 

A.3.8 Electrical conductivity of the fabricated CFRP 

The out of plane electrical conductivity on both through thickness and volume 

direction (Figure A.10) was calculated utilizing Equation 3.9 (Chapter 3, Section 

3.12: Electrical conductivity measurements on CFRP samples). The calculated 

conductivity values are quoted in Table A.3 for both reference and PCF4.25 W 

laminates. There was an increase of about 43% on the out of plane volume electrical 

conductivity of the irradiated sample, exhibiting a value of 4.9 10-2 S/cm, when 

compared to the reference sample, which had a conductivity of 3.4 10-2 S/cm. When 

comparing the out of plane thickness conductivity of the laminates, an enhancement 

of 18% was observed on PCF4.25 W sample. The improvement on the electrical 
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conductivity on both through thickness and volume directions can be attributed to the 

roughened PCF surface and its more graphitic nature, when compared to the more 

turbostratic nature of the bare samples prior to laser irradiation, resulting in better 

electron transport, in the interlaminar region of the composite structure. It should be 

noted that the results are coming in good agreement with the enhancement in the 

electrical conductivity of the TCF and PCF CFs (Figure A.6, Table A.2) 

   
Figure A.10. Out of plane electrical conductivity (σ) of the fabricated composite 

structures. 
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Table A.3.  Mode I- interlaminar fracture toughness and electrical conductivity of 

the fabricated laminates. 

 

Mode-I GIc  

(J m-2) 

Electrical conductivity σ  

(S/cm) 

reference 1268 ± 56 3.4 10-2 ± 3.5 10-3 5.1 10-3 ± 2.8 10-4 

PCF4.25 W 1254 ± 80 4.9 10-2 ± 3.8 10-3 6.0 10-3 ± 3.5 10-4 

 

A.4. Conclusions 

In summary, the activation of the CFs’ surface by a CO2 laser beam was investigated 

for the first time as a novel and simple route to enhance the out of plane electrical 

conductivity of fabricated CFRP without simultaneously deteriorating their 

interlaminar mechanical properties. Irradiated CF yarns were tested prior to the 

fabrication of the laminated structures, both in terms of tensile strength and electrical 

conductivity, to examine the impact of the laser irradiation to the CFs themselves. Our 

results showed that even though there was a decrease in the tensile strength of the 

irradiated CFs, the electrical conductivity was actually enhanced (up to 18.4%), due 

to a combination of  i) the laser induced graphitic nanostructuring on the surface of 

CFs and ii) laser induced transformation of amorphous to graphitic carbon in the bulk 

of the fibre. Furthermore, the results of Mode-I interlaminar fracture toughness on the 

fabricated composites, showed that the interlaminar region was not affected by this 

decrement in the tensile strength of CFs, as the values of toughness were almost the 

same. Fractography analysis further established that the CF/epoxy bridging effect was 
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not affected by the laser induced graphitic texturing. Moreover, the out of plane 

electrical conductivity on both through thickness and volume directions was enhanced 

by 18% and 43% respectively. This enrichment on the electrical conductivity of the 

irradiated laminates is associated with the new and larger conductive paths provided 

by the textured irradiated CFs in the interlaminar region of the CFRP. Consequently, 

the improvements in the electrical conductivity of CFRP without any detrimental 

effects on the interlaminar fracture toughness, demonstrate a new potential route for 

infusing multifunctionality on CFRP. 
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B1. SEM micrographs of PCF and TCF fibres.  TCF denotes Toray CFs (T700SC), 

while PCF denotes the Pyrofil fibres (TR50S). bTCF and bPCF represent control bare 

non-exposed  CFs.  

 

Figure B.1. PCF sample irradiated at 2.5 W. 
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Figure B.2. PCF sample irradiated at 3.75 W. 

 

Figure B.3. PCF sample irradiated at 4 W. 
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Figure B.4. PCF sample irradiated at 4.25 W. 

 

Figure B.5. PCF sample irradiated at 4.5 W. 
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Figure B.6. PCF sample irradiated at 4.75 W. 

 

Figure B.7. PCF sample irradiated at 5 W. 
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Figure B.8. Area of the irradiation for TCF representative samples. (a) TCF4.75 W, (b) 

TCF7.5 W, (c) TCF10 W. 

 

Figure B.9. bTCF sample. 

(a)

(b) (c)



 

211 
 

 

Figure B.10. TCF sample irradiated at 3.75 W 

 

Figure B.11. TCF sample irradiated at 4.25 W. 
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Figure B.12. TCF sample irradiated at 4.75 W. 

 

Figure B.13. TCF sample irradiated at 7.5 W. 
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Figure B.14. TCF sample irradiated at 10 W. 

 

Figure B.15. bPCF sample. 
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Figure B.16. PCF sample irradiated at 4.25 W. 

 

B2. Raman characterization of the PCF UD cloths 

`  

Figure B.17. Raman spectra of PCF sample irradiated at various powers. 
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