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Summary 

In the current scenario, the transportation sector needs to reduce CO2 emission, improving fuel 

efficiency and a faster transport network. The most important aspect is to improve fuel efficiency by 

reducing vehicle weight without sacrificing performance. Research and development played an 

important role in developing material that is lighter than the conventional materials also give better 

performance in the properties to make the automobiles more efficient. The composite materials are 

used in all modes of transport. This project presents an improvement of mechanical properties by 

matrix modification with the rubber particles for automotive applications. Core-shell rubber particles 

of Ace MX-125, 156 and 960 were used for the matrix modification. The bulk polymers of epoxy 

with 3, 6, 10 and 15 wt.% of three CSR particles were tested and compared to find the optimum 

concentration of the rubber particles for the improvement. The 6 wt.% was selected as the required 

concentration of the rubber particles. The static tensile test results showed that the Carbon fibre 

composite with CSR particle (6 wt.%) performs better than the traditional pure epoxy composite. The 

tensile strength was increased by 38%. The flexural and interlaminar shear properties were tested 

according to the respected standards. The CSR particles with 6 and 10 wt.% were used. The addition 

of CSR particles gradually enhances the bending strength and Interlaminar behaviour. In this case, 

the Ace MX-125 at 6 wt.% slightly affects the bending and ILSS due to the adhesion effect. The other 

composition with all the three CSR particles improved flexural strength up to 48%. The drop weight 

impact test was performed. The amount of CSR particles usage was similar to the bending tests. The 

10 wt.% of CSR particles modified composite absorbs more than 50% energy absorbed by the pure 

epoxy composite. 
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Santrauka 

Pagal dabartinį scenarijų reikalingas CO2 ir degalų emisijos mažinimas bei greitesnis transporto 

tinklas. Svarbiausias aspektas yra pagerinti degalų efektyvumą mažinant transporto priemonės svorį, 

neprarandant mechaninių savybių. Šiam tikslui, tyrimai ir plėtra vaidina svarbų vaidmenį kuriant 

kompozitinę medžiagą, kuri yra lengvesnė už įprastas ir suteikiant geresnių savybių, kad automobiliai 

taptų pranašesni. Kompozitinės medžiagos yra vis labiau naudojamos įvairioms transporto rūšims, 

todėl šio darbo tikslas ir rezultatai parodo, kad kompozitų mechaninės savybės pagerėja, kai jų 

matrica yra modifikuojama gumos dalelėmis. Matricos modifikavimui buvo naudojamos Ace MX-

125, 156 ir 960 šerdies gumos dalelės (anlg. core-shell rubber particles, CSR). Buvo tiriami 

epoksidinės dervos polimerai su 3, 6, 10 ir 15 masės % trijų CSR dalelių ir palyginti, kad būtų 

nustatyta optimali gumos dalelių koncentracija medžiagos pagerinimui. Reikiama gumos dalelių 

koncentracija buvo pasirinkta 6%. Statiniai tempimo bandymo rezultatai parodė, kad anglies pluošto 

kompozitas su CSR dalelėmis (6%) yra stipresnis nei kompozitas su įprasta epoksidine derva – 

stiprumas tempiant padidėjo 38%. Lenkimo ir tarpsluoksninės šlyties savybės buvo įvertintos pagal 

standartus, naudojant bandinius su 6 ir 10% CSR dalelių kiekiais. Buvo gauta, kad kartu su CSR 

dalelių kiekiu, palaipsniui didėja lenkimo jėga ir atsparumas tarpsluoksninei šlyčiai. Tuo tarpu, 

naudojant 6% Ace MX-125 daleles, lenkimas ir šlytis buvo paveikti nežymiai, dėl sukibimo efekto. 

Kitas mišinys su visomis trimis CSR dalelėmis padidino lenkimo jėgą iki 48%. Taip pat buvo atliktas 

smūgio bandymas. CSR dalelių naudojimas buvo panašus į lenkimo bandymus: modifikuotas 

kompozitas su 10% CSR dalelėmis absorbavo daugiau kaip 50% smūgio energijos, lyginant su įprastu 

epoksidinės dervos kompozitu. 
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1. Introduction 

The global energy crisis became worsened. Some of the most pressing issues facing the automotive 

industry were the fuel usage and emission of CO2. In modern vehicles, most of the parts are 

manufactured from iron and steel. 

 

Fig.  1. Types of materials used for manufacturing of automobile parts 

The various parts of a vehicle can be replaced with some alloys and some materials to increase the 

energy efficiency in the transport sector. If we reduce 10 kg weight of any vehicle, it will reduce the 

fuel consumption and 1 g/km reduction in the carbon emission. Composites emerged as a key for the 

factor. Carbon fibre-based composites emerged in 1960s and the usage is not only in the transport 

sector also in Defence, construction, aerospace application and sports etc., The ultimate reason for 

the usage of composites in the automotive sector is lightweight. It offers high strength to weight ratio, 

durability, resistance to vibration and corrosion, directional stability and less heat conduction. For 

example, Carbon fibre reinforced polymer composites (CFRP) are 1/5th of the weight of 1020 steel, 

but it is 5 times stronger than steel. Aluminium is a lightweight material, but the composite density is 

2 times lesser than aluminium. FRPs are used in the automotive industry mainly to reduce weight. 

CFRPs are being increasingly used for body construction. It promotes sustainability. A high degree 

of safety is from the FRPs stable structure. The lightweight makes the vehicle more fuel-efficient, 

and it can minimize greenhouse gasses and other emissions if the movement towards carbon fibre 

begins. FRPs are useful as metal replacements in luxury car bodies as well as in truck and trailer 

sidings. Such solid, rigid, and light materials also increase fuel consumption while increasing the 

speed with higher fracture points than steel [1].  

Currently, the transport sector moving towards the CFRP for manufacturing various parts. The 

Carbon fibre composites are in the current trend and it grows enormously. If the properties of the 

composites will be improved means that will be useful in many ways.  

This work is a part of a large international project. Czech company SYNPO, developing new 

composites to use in the transport industry (Automotive, Aviation and shipbuilding). My aim of the 

work is to modify the epoxy matrix with CSR particles and using carbon fibre as reinforcement to 

enhance the mechanical behaviour of composites for automobile applications. 
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The novelty of the work 

This work researches and compared the epoxy and matrix modified composites. This research sector 

is actively investigating the application of composites in the transport sector. The results provide data 

that can be used to make lightweight composites with improvement in the properties. 

The aim of the project is to improve the mechanical properties of carbon fibre reinforced polymer 

composites by modifying the matrix with the rubber particles for automotive applications 

The tasks: 

1. To review the scientific literature papers of composites for the transport sector and additives 

for the improvement of the properties. 

2. To obtain the optimum concentration of pure epoxy bulk polymer and with Core-shell rubber 

particles 

3. To test the pure Carbon fibre reinforced polymer composites and with Core-shell rubber 

particles to evaluate the tensile, flexural and Interlaminar shear properties. 

4. To test the samples to study the impact behaviour of pure and matrix modified Carbon fibre 

composites. 
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2. Literature review 

2.1. Impact of Caron fibre reinforced polymer composites in the Transport sector 

Over the past decades, the usage of CFRP in the transport sector emerged relentlessly. The first car 

which used a carbon fibre composite chassis was McLaren MP4/1. Because of their strength, stiffness 

and low weight, the signature was shown up in all modes of transport. 

 

Fig.  2. Fully modified Carbon fibre composite Koenigsegg Regera, wheel and Speed tail [1]. 

From 2021 to 2025, the carbon fibre and CFRP market are expected to expand at a rate (CAGR) of 

12.4% (32 billion by 2025). 

 

Fig.  3. European carbon fibre market size, 2017-2028(USD million) [2]. 

Automobile parts production along with the need for lightweight materials is to fuel the market 

growth. The manufacturers increased the demand to manufacture various parts like bumpers, pillars, 

chassis, fenders, wings and drive shafts etc., The EU project (HIVOCOMP ) for developing advanced 

materials which enable to produce a large amount of composite structural parts to transport 

applications to bring the composite technology closer to the mass production for the automotive 

applications [4]. Road transport sector moving towards the electric vehicle side. The European 

Commission for ‘Sustainable and smart mobility strategy’ guided towards by at the end of next 19 

years, at least 0.03 billion emission-free cars on the European roads. The Ev’s sector thrives to reduce 

the vehicle weight. We can achieve it through the CFRP components. Automobile companies like 

BMW, Audi, Volkswagen. Mercedes Benz and McLaren collaborating with the composite suppliers 

for manufacturing their parts [2].  
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Fig.  4. SGL Carbon’s - Carbon fibre-based battery enclosure for NIO electric vehicles [5].  

All the vehicles in the transport industry are needed to drive for longer duration cause corrosion and 

it needs frequent maintenance. Naturally, the composites are corrosion-free materials. The composites 

are not only used in road transportation, but it also uses in the aerospace sector, both in rail and water 

transport and in defence vehicles.  

 

Fig.  5. (a) Carbon fibre G650 Gulfstream envision (b) Carbon fibre boat [6] 

By the end of 2030, at least a 55% reduction in greenhouse gas emission. Greening mobility is the 

key for the transport sector growth in the future. The automakers are surge to make the vehicle in less 

weight to make them more energy-efficient. Engineers are jumped into making it affordable and 

easier to manufacture. The global carbon emission insists the Automobile manufacturers to make 

things in greenway. Through carbon fibre composites, Aircraft manufacturers can get good surface 

finish parts to optimise the performance on aerodynamics. In Boeing 787 Dreamliner, the wing and 

the fuselage were manufactured from the CFRPs [7].  

The composites behave differently when compared with conventional metals. The metallic structures 

undergo deformation and heat propagated. Composites, on the other hand, are subject to brittle 

fracturing and energy transfer due to friction between laminates, material compressive cracking, and 

composite splitting, implying that composite structures can absorb energy better than metallic 

structures. The different natures of energy absorption of metal and composite fibres can be deduced, 

where metal structures on the impact the substrate folds to a certain distance providing initial 

absorption crashing but the material limits the dissemination of the energy, the brittleness of the 

composite helps in the propagation of energy within the material, reducing total damage to the parts. 

(a) (b)  
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Fig.  6. Metal and FRP under crash [8]. 

The materials various requirements, such as energy absorption, fracture durability, and structural 

deformation, are used to evaluate the performance of a vehicle's structure during a crash. These 

criteria can be met with composite materials, such as energy absorption, studied extensively by 

scientists and automotive enthusiasts for decades. 

 

Fig.  7. A hybrid carbon composite-steel pillar assembly in BMW 7 series (G12) [9]. 

The B-pillar assembly of the BMW 7 series was reinforced by carbon composite in 2015 by rivet 

bonding shown in Fig.  7. The hybrid assembly of Cfrp with steel increased the crashworthiness of a 

car body. It reduced the weight by 40% and increased the crashworthiness by 10% [10]. 

Now the research is going on to improve the properties of the CFRP. There are various types of fillers 

are available to enhance the properties. Some of the fillers are CNTs, clay, Mxenes, graphene rubber 

and micro fillers. The rubber particles play a major role in toughening the epoxy polymers. There are 

two types of rubber particles available for matrix modification.  

1. Carboxyl-terminated poly Acrylonitrile-Butadiene rubber (CTBN) 

2. Core-shell Rubber (CSR) 

Comparatively the CSR particles offer excellent properties. They are very small particles evenly 

distributed in the resin to terminate the cracks. The core polymer relieves inherent stress generated 

during curing. The CFRP trend is already in the automotive sector, if the properties get improved it 

will be helpful to increase the strength of their parts. 
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2.2. An overview of possibilities of the improvement of mechanical properties of CFRP 

composites 

2.2.1. Graphene 

Graphene is a pure carbon element (2-dimensional allotrope), in which the atoms are hexagonal in a 

one-atom-thick tightly packed board. That structure is the base for many carbon-based materials. 

 

Fig.  8. Graphene (Microscopic image) [11] 

Depositing the CNTs and GO separately on the carbon fibre (CF) surface by the Electrophoretic 

technique improved the interfacial behaviour of CF. It made a huge morphological difference in the 

carbon fibre. The content of the carbon gradually decreased, and the content of Oxygen increased to 

around 21%, the O/C ratio increased double the value 14 percentage (CNTs/CF). The GO coating 

creates bonding between the chemicals. It increases the area of intersection which decreased the 

concentration of stress and CNTs/CF interfaces shear strength increased [12]. Through the process of 

in-situ exfoliation, it becomes easier to make graphene reinforced polymer matrix composite in a 

thermoplastic polymer matrix. By shearing, the graphite into exfoliating graphene sheets enhanced 

the bulk polymer properties. The graphite particles need to grinded to micron size particles. When 

these particles dispersed in the molten polymer phase as a single layer or multi-layer, it can enhance 

the mechanical properties [13]. 

Infanta et al. studied the modified epoxy resin with a bi-axial glass cloth. When the graphene 

nanopowder (0.1 wt.%) is mixed with the resin, it reduces the fibre content in it. It shows 

improvement in tensile strength and compressive strength [14][15]. E. Mannov et al. did several FRP 

experiments with thermally reduced graphene oxide by matrix alteration. They prepared the CFRP 

(with epoxy matrix) by filament winding machine. They used thermally reduced graphene oxide 

(TrGO). The three-roll method is an efficient way to disperse the graphene oxide. Using this method 

0.3 and 0.5 weight percentage of TrGO dispersed in the epoxy. Adding some hardening agent and 

insulation in GO epoxy resin to activate the matrix system and the autoclave prepreg technology 

homogeneously distributed the nanoparticles in the composite material. By conduced the drop weight 

test, the delamination size reduced by 8 percentage and in the backside delamination of the specimen 

reduced by 7 percentage was observed. The specimen with a 0.3 weight percentage of TrGO gives 

better results in increased the residual compressive strength by 19 percentage [16] 
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2.2.2. Boron Nitride 

Boron nitride (BN) has excellent possession to enhance the properties of CFRPs. It can easily interact 

with polymers and offer multifunctional properties. Yuichi Tominaga et al. investigated CFRP 

properties with the incorporation of exfoliated h-BN. They prepared it by wet jet milling and 

incorporate the h-BN at 2.5 and 5.0 volume% into the matrix resin (polypropylene). After the MW 

irradiation, the composite was not changed. It means the thermal conductivity was formed effectively 

on the composite. The strength-to-weight ratio and the specific modulus were increased by 22 and 37 

percentage. It means that the h-BN exfoliation enhanced the composite’s mechanical strength [17]. 

Using the biometric approach to create the composite with small Boron nitride by coat the 

polydopamine. For the construction of nanocomposite, BN-F-GF was developed and integrating onto 

the resin mixture. It begins with the epoxy resin and curing agent C6H12N4. BN-D-GF and 

BN/GF/epoxy composite for comparison by the previous technique and characterize the composite 

by SEM, differential scanning calorimeter and dynamic mechanical analysis. Hardness, thermal 

conductivity, dielectric test and volume resistivity test on the specimens were conducted. The 

dopamine treatment improved the attachment between the nano-BN and GF and increased the surface 

roughness, improvement in Tg. The improvement of 57% in storage modulus and 10% in hardness in 

the modified composite compared to the unreinforced composite and the dielectric loss got decreased. 

 

Fig.  9. The loss modulus of pure epoxy and FRP composites [18]. 

Also, Meysam Rahmat et al., investigated the BNNT properties for the enhancement of GFRPs. They 

were fabricating the fibre-epoxy/BNNT by a wet layup and VARTM method. HABS (Hydrogen 

assisted BNNT synthesis) method was used to produce the boron nitride nanotubes. They had used 

the solvent-free planetary mixing method to add the BNNT in the SC-15 composite. The dimension 

of the glass fabric is 17 cm * 34 cm. They conducted 3 different tests to determine the properties 

variation. The punch test concluded that r-BNNT addition increased specific shear strength by 8 

percentage. Finally, the Charpy test concluded that a 19-percentage improvement in σ*
max and 

increase in E. when the specimen is undergoing a three-point bending test showed a 35 – percentage 

improvement in the maximum stress [19]. Titanium nitride possesses some properties of chemically 

very inert and the service temperature up to 6000 C. The titanium nitride coating improved the fire 

resistance of the CFRPs [20]. 
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2.2.3. Carbon Nanotubes 

Carbon nanotubes are widely used around the world as a filler material for strengthening composites. 

MWCNTs are generally in agglomerated form. The fabrication of CNT was mostly by solution 

bending and in-situ polymerization method [21]. The CNT was used to minimize composite density 

gains. When Nylon 6 is blended with polypropylene provides good processability. The properties of 

Carbon fibre reinforced PA6/PP composites were increased by minute particles of CNT. PP reduced 

the weight of the composites. The carbon fibre-reinforced Nylon 6/polypropylene composite is one 

of the lighter ones and the extra weight reduction was provided by pure PA6. When the number of 

multiwalled CNTs increased in the composite, the elastic and flexural moduli got increased. 

 

Fig.  10. Bending strength & flexural modulus of carbon fibre and CNT reinforced PA6/PP composites [22]. 

Kishore Kumar Pachagnula and Palaniyandi Kuppan[23] also investigated the GFRP with MWCNTs. 

The amount of MWCNTs was modified (0.1, 0.2, 0.3 and 0.4 wt%). High purity ethanol was added 

to deagglomerated the MWCNTs. For the tensile and flexural testing, the thickness of 4 mm should 

be maintained, (ASTM standard). The test results revealed that the 0.3% addition of MWCNTs 

increased tensile strength by 36%, bending strength by 39% and 128% of improvement in the 

optimum value of hardness. Carbon fibre was coated with MWCNTs (0.5%). During the SBS test, 

resulted that the carbon fibre sizing increased the delaminating resistance, increased the fibre interface 

bonding and fracture resistance of the composite. The polymer matrix strength increased to 18% with 

50% of CNT in the fibre sizing and CNT in the matrix compared to CNT free material [24]. The 

carbon fibre was soaked with copper sulphate (Electroless copper plating) and adding some 

MWCNTs in the epoxy resin makes the composite much stronger. The surface of the specimen was 

rough and improved in the interfacial adhesion due to the coating. The addition of Multi-walled CNTs 

(1.5 wt%) increased the ultimate strain by 1.5 percentage, stiffness of 74.5 percentage, peak strength 

of 80.5 percentage ultimate strain of 48.8 percentage [25]. 

Jacob Muthu et al.,[26] functionalized the MWCNTs by the process of oxidation (HNO3) and the 

CNTs was dried at three different timings (6, 8 and 48 hours). This technique energises the 

homogeneous distribution of CNTs within the matrix form and interfacial adhesion. Here, the resin 

is unsaturated polyvinyl ester resin. From the GRP hybrid composite with various fibre mass fraction 

(24, 32 and 40 percentage), the fibre mass fraction of 24 to 32 percentage gives a major improvement 

in the GRP hybrid composite. The test revealed 24hr time is the best functionalization. 6. 0.25 

percentage doping of MWCNTs 8 layer of CF laminate first and last of 00/900 and the intermediate 

+450/-450 shows better interface bonding and good energy absorption [27][28]. 
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2.2.4. Clay 

Clay enhances the mechanical properties of the glass/carbon composites. Hand layup method 

produced the glass fibre composites with clay 2 wt%. The XRD (X-Ray Diffraction) results showed 

the formation of exfoliated structure improved tensile strength. Clay loading and the presence of the 

silicate layer increased the flexural strength and tensile strength [29]. Seyed Abdolwahab Hoseini and 

Mohammad Hossein Pol[30] investigated the addition of nano clay closite 30B within epoxy with 1, 

2, 3, 5, and 7% ratio in weight concerning nano-matrix. Using Vacuum-assisted resin transfer method 

to manufacture the glass epoxy nano clay hybrid composite. The three-point bend flexure test shows 

quite an improvement in the tensile strength of 13%, failure strain of 7% and toughness of 27% with 

nano clay (7%). 

Whenever the addition of nano clay in the GFRP, shows some improvement in the properties. Vinyl 

ester and epoxy/clay enhanced the tensile strength by 11.83 percentage and elastic modulus of 3.2 

percentage. The alkali solution decreased the behaviour of VE/China material Nanocomposites. 

Adding some Montmorillonite drastically improved the ductility and the fibre-matrix interfacial 

bonding. Whenever comparing the Vinyl ester/Clay nano modified GFRP and the Epoxy/Clay Nano 

modified GFRP, TS less in the VE/China material Nano-GFRP. The addition of montmorillonite 

forms a layer not to allow the chemical into the matrix. With a 5-percentage addition of nano, clay 

had better improvement than graphene [31]. With a 2.5 wt percentage, thin layer of clay incorporated 

into the epoxy resin by the process called ‘Slurry-compounding process’. This process uniformly 

distributed a few layers on the resin surface. Due to cracks between the clay, the strain increased, and 

fracture toughness also increased [32] 

3% of nano clay in the CFRP composites shows improvement in density and hardness. The nano clay 

is uniformly dispersed in the epoxy composite through the milling mixing methods (TEM micrograph 

revealed the dispersion). The wear performance on the composite improved at 3% of nano clay. 5% 

of nano clay enforcement improved only the wear resistance. It improved the abrasive and adhesive 

wear properties. 

 

Fig.  11. 1, 3 and 5 percentage of nano clay modified CFRP [33]. 

Mulugeta et al.,[34] investigated the montmorillonite nano clay filled SC-15 epoxy matrix. They add 

1, 2, 3 and 4 wt.% of clay in it. Nano-phased matrix is generally an organic polymer. The Dynamic 

mechanical analysis(DMA) revealed a 58% improvement in storage modulus up to the addition of 2 

percentage of clay. According to the ASTM D790-86, the three-point flexural test revealed 
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improvement in tensile strength (11%) and flexural strength (22%) and  Nano silica particles 

improved the Fracture toughness up to 22%. 

2.2.5. MXenes 

They are not organic compounds that consists of metal carbides, nitrides and carbo nitrides. They are 

made from bulk crystal by an etching process.  

Mn+1AXn 

M - early transition metal 

A - group A element 

X is either carbon or nitrogen  

n = 1, 2 or 3 

 

Fig.  12. MXenes structure [35]. 

The A atoms needs to selectively etch from the MAX phase. Etching Aluminium from Ti3AlC2, O, 

OH and F replaced with the Al atoms. The procedure of extraction is shown in Fig. 5. Modified 

MXenes were used to improve the interfacial effects. When Ti2C sheets from Ti2AlC was modified 

with C9H23NO3Si (Aminosilane), it improves the bonding between the epoxy and CF and chemical 

interlocking between them shown in Fig. 13 (b) and extraction is shown in Fig. 13 (a). 

 

Fig.  13. (a) Ti2C modification and (b) Grafting process [35] 
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Due to the oxidation process, the IFSS increased up to 77.9% and ILSS up to 27%, boosted the 

transfer of the load capacity between the fibre and matrix resin [36]. Ti3C2 MXene were prepared 

from Ti3AlC2 powder, the CFs were immersed in the colloidal solution. The colloidal solution 

increased the atomic contents of titanium, fluoride and chloride to attach the MXene with the carbon 

fibre. By increased the wettability of CFs, it enhanced the performance of the composite. After 

reached 1 mg/mL thickness will vary. 1 mg/mL is enough to cover the CFs. The IFSS strength by 

186% due to the functionalization [37]. The etching of Al from Ti3AlC2, with 40 wt% of HF solution. 

The NH2-CF/EP composites and NH2-Carbon Fibre/MXene/EP composite performs improvement of 

74% in impact, 40% in tensile, 45% in bending and 38% in shear strength category [38]. 

2.2.6. Rubber and Micro-fillers 

Rubber particles play a significant role in the improvement section. Mainly there are two types of 

rubber particles used in the toughening process.  

1. Core-shell rubber (CSR) 

2. Carboxyl-terminated Acrylonitrile-butadiene rubber (CTBN) 

Any resin with core-shell rubber and phase separating rubber increased the toughness in FRP. The 

silica particles or CSR particles mixed with an epoxy polymer resin (DGEBA), increased their 

toughness and fracture energy. The hybrid resin (addition of silica nanoparticles and toughening by 

combining rubber) can be formulated. Also, the Carboxyl-terminated butadiene-acrylonitrile (CTBN) 

increased mechanical properties. The addition of CTBN and nanoparticles increased the tensile 

modulus, glass transition temperature and fracture toughness at a certain point of the level. If the 

addition of CTBN and nanoparticles exceed a certain limit, it affects the mechanical properties and 

some quiet improvement in the fatigue [39][40]. DGEBA epoxy resin with SiO2 particles produced 

the hybrid-toughened epoxy polymers results in increasing the toughness of CFRP [41]. 

CNF and PZT (dopant) were a supplement to improve the fracture and damping properties. Here, an 

epoxy matrix is modified by the additive particles. The cantilever beam (double) method and 3-point 

end notched flexure methods were used for the fracture properties evaluation of CFRP. CNF alone 

increased the fracture energy. CNF and PZT particles in the matrix drastically reduced the properties. 

The energy-absorbing mechanisms improved the CNF and PZT particles and it improved the fracture 

properties [42][43]. Also, the ATBN and polypropylene oxide act as a toughening agent through the 

toughening process. The rubbery particles make the matrix to improve the shear yielding [44]. Rubber 

particles (MX – 125, 156 and 960) and hydro CTBN with DGEBA resin increased the fracture energy. 

Comparatively the CTBN gave greater fracture energy than the CSR particles. Bisphenol f type epoxy 

resin with MX-136 rubber particle as a latex agent with (3, 7, 11, 15 and 19.4 wt.%) of CSR in the 

mixture gives much improvement in tensile strength at 11 wt.% and tensile modulus at 19 wt% and 

87% improvement in the impact behaviour when compared with an epoxy sample. 
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Fig.  14. Impact strength of CFRPs with varying CSR content [45]. 

If the number of polysiloxane based rubber particles increased in the DGEBA resin, the glass 

transition temperature gets slightly decreased. When increasing the CSR content, the tensile strength 

linearly decreased because of stress concentration. Also, the compressive stress gets decreased when 

the amount of CSR particles increased.  

 

Fig.  15. Tensile stress-strain curve of varying amount of EP-CSR modified epoxies [46]. 

EPON 825 with MX-125, 156 and 257 shows Tg gets decreased with the increment of rubber particles 

and the fracture toughness increased [47]. CTBN rubber with acrylonitrile content of 18 wt.% and 40 

wt.% concentration in the epoxy (Albibox 1000) was used. The fracture energy and stress intensity 

factor increased linearly with the increased amount of nano-Sio2 and CTBN [48]. Dipa ray [49] 

investigated the toughness behaviour of composite with MX-156 in the cycom 890 epoxy resin at 1, 

5 and 2 phr. To evaluate the damage tolerance of the composites, CAI tests were performed according 

to the standards. The storage modulus of the composites was decreased with the CSR particles. 

Without the rubber particles the specimens showed good flexural properties and with the CSR content 

flexural properties dropped by 6% at 1 phr, 14% at 3 phr and 11% at 5 phr. The compressive strength 

of the composites was increased up to 22% with 5 phr level of the particles. 

The impact strength of Mx-960 loading in the composite was decreased from 0 to 3% but increased 

from 0 to 5% and plastic deformation. The increment in shear deformation and void growth improved 

impact strength [50]. The CSR particle PARRALOID EXL-234 of 10 wt% and 10 wt% of silica gives 

82% and CSR particles alone give 100%  improvement in the fracture toughness in the matrix and 

based on the overall mechanical performance, together with CTBN and nanoparticles [51]. The 

particle size also affected the toughening mechanism. The core-shell latex was prepared by the 

polymerization process with the particles size varying from 300 to 900 nm. At the size of 400 nm, 
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stress and fracture level were very similar to the unmodified epoxy matrix. The cavitation decreases 

with the particle size [52]. When the Epikote 862 with Epikure W and another resin LY556 Dgeba 

with Albidur HE 600. Both the resin composition with Mx 156 and 960 at 6 wt% and the silica 

particles Nanopox F400 gives an improvement in fatigue and tensile properties [53]. CSR particles 

of Zeon 351 (Large one) and Kane Ace Mx 153 (Smaller one) with the Epoxy 828 at different volume 

percentage. 

 

Fig.  16. Material formulations [54]. 

The L22-S0 gave a better improvement in fracture properties when compared to the other variations. 

L22-S16 gave the low fracture energy values because of the extreme optimum CSR content. 

2.3. Other possibilities to improve FRP properties 

Some methods are available to enhance the mechanical properties of FRP. It also improves the 

electrical properties. Over the past decades, fibre micro-buckling failure was a major problem in 

failure areas. One of the methods to decrease the sinusoidal deformation of the fibre is to wrap the 

fibre with fibre filament (PBO, PET and Basalt filament). It increases the compressive properties and 

failure mechanisms of FRP [55]. The filament cover method also improving the bending properties. 

The method which was used in textile industries called the cover method to add the bands to the fibre 

bundles. Through this method, we can increase the buckling load. If we enhance the buckling load on 

the fibre bundles, we can improve the bending strength. If it may be single or double-covered, the 

result is not a satisfactory one. It needs to be fully covered [56]. Copper oxide act as a nanofiller to 

enhance the mechanical behaviour of GFRP. Using the hand layup technique, the copper oxide was 

filled with the GFRP. Some researchers investigated the properties of GFRP with CuO powder at 

various percentage of weight ratio. Polystyrene resin (1 percentage), Glass fibre (38 percentage) and 

Nano CuO powder (2 percentage) and conducted SEM analysis and Energy-dispersive X-ray 

spectroscopy tests on the pate. The results demonstrated strong TS development, Compressive 

strength, and transverse rupture strength [57]. 

The pattern of axial yarns was found to have a better effect on the force of compression than axial 

yarns. The three-dimensional knotted composite material, however, boosts the compressive 

efficiency in the direction of yarn tensile properties at the expense of the biases [58]. The Euler 

buckling theory was used to improve the longitudinal compression power of the FRP. Euler proposed 

that if we decrease the buckling wavelength, we can improve the compressive buckling critical load. 

When the winding spacing getting shortens, the compressive strength increase. They are inversely 

proportional to each other. The filament winding process maximises the compressive strength around 

10 to 15% [59]. 

Bone and nacre are some of the hardest tissue. Also, the bone microstructure is a complex one. Some 

biological techniques are there to improve FRP. Some researchers find a new way to manufacture the 

composites (a custom-developed VARTM) process. They implement the bone-inspired structure by 

fine-tuning the manual lamination process into the FRP composites. It gives a better improvement in 

fracture toughness [60]. 
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2.4. Up-to-date materials for Automotive structures 

Mostly the Automotive companies divert their way to the composites area. Through the composites, 

they can reduce the weight of their vehicles. For formula 1 cars, they use polymeric fibres like 

Aramids and Zylon. Aramids are used in the front wing endplates and wherever the aerodynamic 

needed. Zylon is one of the strong fibre, it is made up of a chain of P-phenlene-2, 6-benzobisaxozole 

and it is used in the armour panel of  F1 cars [61]. KEVLAR [-CO-C6H4-CO-NH-C6H6-NH-]n is one 

of the strongest synthetic fibre. 

 

Fig.  17. KEVLAR structure [62]. 

It is a high strength, dimensional stabilized material. It is used in the manufacturing of gearbox, 

gaskets, tires, brake pads and belts. It had a special property of high resistance to scratches and has 

good temperature resistance and it can withstand the damage than the steel and aluminium body and 

it gives greater protection to the driver. Types of composite matrix materials are Ceramic, metal and 

polymer. Metal matrix composites had a huge impact on the Automotive sector.  

 

Fig.  18. Types of MMC [63] 

Aluminium matrix composites are used in Brakes, engine blocks and pistons and it increased the 

tensile strength of the composite. AMMC’S having high strength, high stiffness and they can be used 

for long-term applications. Magnesium matrix composites are mainly used in the Aerospace industry. 

Polymer matrix connected by covalent bonds and they are resistant to atmospheric conditions and 

corrosion too.  Ford using cellulose tree fibres in their SUVs. Ceramic matrix composites made a 

huge impact on the brake system [64]. 
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3. Materials and preparation 

DGEBA epoxy resin is CHS-Epoxy 582, a bisphenol-A based epoxy (Fig.  19) supplied by SYNPO 

a.s., Czech Republic; It is a 4,4’ Isopropylidenediphenol (C15H16O2), oligomeric reaction products 

with 1-chloro-2, 3-epoxypropane (number average molecular weight <=700, 1, 4-bis-2, 3- 

epoxypropoxy butane (C10H18O4). The EEW of 166 –179 g/mol. The molecular weight of the epoxy 

resin is low. It offers medium life and high-quality performance. It is recommended to use in 

composites, adhesives, wind energy, construction, electronics, and corrosive coatings. All the 

properties were given in (Table 1). 

 

Fig.  19. CHS Epoxy 582 

Table 1. CHS Epoxy 582 properties 

Name  Viscosity 

(250C, mPa.s) 

Epoxy index 

(mol/kg) 

Epoxy  

equivalent 

(g/mol) 

Color 

(Hazen) 

The  

hydrolyzed  

chlorine 

(%) 

Method ESN ISO  

12058-1 

EN ISO 3001 EN ISO 3001 ISO 6271-2 ASTM D 1726 

CHS EPOXY 

582 

640-720 5.78-6.06 165-173 

 

Max 100 Max 0.07 

 

There are various types of curing agent available for curing epoxy in the market. They are 

polymercaptan, amine (aliphatic amine, aromatic amine, cycloaliphatic), polyamide and amidoamine, 

phenalkamine, silane type and powder coating curing agent. 

The hardener is Telalit 0420 (Fig.  20) supplied by SYNPO a.s., Czech Republic. It is an 

isophorodiamine. The viscosity is low and the HEW value is low. For curing, the ratio is 100:25. The 

properties of the hardener given in (Table 2) 
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Fig.  20. Telalit 0420 (Hardener) 

Table 2. Hardener properties 

Parameter Value Unit Method 

Colour Max. 2 Gardener EN ISO 4630-2 

Amine vale 600 - 650 mg KOH/g PI 627/915 

Viscosity at 250C 10 - 25 mPa.s EN ISO 12058-1 

Hydrogen equivalent Min. 42.5 g/mol - 

The epoxy resin is generally a brittle one. When the rubber particles get combined with the epoxy 

resin, the brittleness getting decreased. It increases the elasticity, strength, hardness, ductility, glass 

transition temperature, poisons ratio and fracture properties. The various types of rubber particles are 

Core shell rubber and Carboxyl- terminated-acrylonitrile-butadiene Rubber. The CSR and CTBN 

rubber, it has different varieties of formation. The rubber particles may be in powder form or it was 

pre-dispersed with the resin at some weight or volume percentage. We have three different types of 

CSR particles. They are Ace MX-125, 156 and 960 (Fig.  21) supplied by Kaneka, Belgium and the 

rubber particles are pre-dispersed in the epoxy resin at 25% concentration.  

 

Fig.  21. CSR particles Ace MX-125, 156 and 960 

They are served as an agent of toughening. The resulting coating displays increased fracture power, 

lap shear strength and durability without compromising the temperature of the glass transition or other 

thermal properties associated with the cross-link density. It is indeed free of contaminants that are 
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ionic and natural. It is compatible with standard coating agents for cold, warm and hot curing agents. 

The shell diameter of the CSR particle is shown in Fig.  22 and the properties in Table. 3. 

 

Fig.  22. Schematic diagram of Ace MX-156 

Table 3. CSR particles properties 

MX resin system 

 

(Unit of measures) 

Dispersed 

CSR type 

%CSR 

 

 

 wt% 

Nominal 

Viscosity 

 

cps 

EEW 

 

 

g/eq 

Flashpoint 

 

 

0C 

density 

 

Bisphenol 

A epoxy 

Ace MX-125 SBR 25+/-1 7500@500C 243 >2200C 1.1 

Ace MX-156 PBd 25+/-1 7800@500C 243 >2200C 1.1 

Ace MX-960 Si 25+/-1 3000@500C 243 >2200C 1.1 

The reinforced carbon fibre is Plain weave Carbon fabric 160 g/m2 supplied by SYNPO a.s., Czech 

Republic. It used for Automotive, modelling, motorsports, marine construction and sporting 

equipment. 

The properties are given in the following table 4. 

Table 4. Carbon fabric specifications 

No Parameter Unit Specified fibre Tolerance, % Standard 

1. Density g/cm3 1.79 +/- 1 ISO 10119 

2. Linear density tex 200 +/- 3 ISO 1889 

3. Filament diameter μm 7 +/- 0.5 DIN 535811 

4. Tensile strength MPa 3500 min. - ISO 10618 

5. Tensile modulus GPa 240 +/- 2 ISO 10618 

Manufacturing of pure and CSR particles modified epoxy bulk samples. 

The pure resin samples are a mixture of pure epoxy and hardener. The epoxy to hardener ratio is 4:1. 

Epoxy mixed with hardener at 250 rpm for 10 minutes and then using the vacuum pump to be 

degassing the mixture. The mixture poured into tension-type silicone rubber moulds. During mixing 

at 10 and 15 wt.% it is quite hard to disperse and mix with the epoxy resin. The rubber particles were 

heated at 800 C for 20 to 30 minutes during the mixing. The CSR particles enforced samples are 

mixed first the rubber particles (3, 6, 10 and 15 wt.%) with the epoxy, it was stirred well and degassing 

and then the hardener is added with the mixture. Again, it needs to be degassed and poured into the 
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moulds. To curing the samples, the mould is placed inside an oven. The curing cycle of 2 hr at 500C, 

1 hr at 800C and 2 hr at 1200C.  

 

Fig.  23. Silicone mould 

Manufacturing of Carbon fibre reinforced polymer composite 

The mechanical properties of CFRP composites can be evaluated by conducting the required test on 

them. The main methods for the preparation of CFRP composites are, 

• Resin transfer moulding.  

• Hand layup method. 

The hand layup method is the old one for composite fabrication. Some steps are needed to follow the 

process. The samples are prepared based on this method. 

 

Fig.  24. Fabrication CFRP composite laminate by the hand-layup method 

Figure 12 shows the sequence of arrangement. The sheets of carbon fibres are placed in the aluminium 

or glass plate. Before that, the plate should be applied to the releasing agent. The releasing agent must 

be dried. It helps to remove the final CFRP composite. We need the amount of resin is equal to the 

weight of the carbon fibre used. After placing the carbon fibre layer, the resin is to be applied by 

roller to squeeze out the air bubbles in it. The process is continued until all the layers are placed. After 

that, the porous release film needs to be placed. On the top, the breather ply is placed. Finally, the 

plastic layer is placed in connection with the vacuum pump. It needs to be sealed without any air gap. 

The vacuum process is to be done for around 30 minutes. The setup is shown in Fig.  25. 
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Fig.  25. Hand layup setup 

4. Experimental Methods 

4.1. Tensile test on bulk polymers 

The samples were prepared based on the ASTM standard (ASTM D 638 – “Standard test method of 

plastics for tensile test”. The samples containing pure epoxy and 3wt%, 6wt%, 10wt% and 15wt% of 

CSR particles (Ace MX – 125, 156 and 960) were prepared. Each composition of 5 samples was 

tested at a rate of 2 mm/min. Test conducted on Tilnius Olsen H25 KT (Universal testing machine). 

Doge bone-shaped specimens which are shown in Fig.  26, was employed for the test. The graph of 

stress vs strain plotted to calculate the tensile strength and modulus.  

 

Fig.  26. Doge bone tensile bulk polymer 

4.2. Tensile test on carbon fibre composite 

The test conducted according to the ‘ASTM D 3039’ standard. Dimensions of the test specimens 

shown in Table 5. 

Table 5. Dimension of the CFRP tensile specimen 

Description Dimension in mm 

Overall length 200  

Distance between the end tabs 150 

Width 10 

Thickness 1 
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All the specimens were prepared from 5 layers of carbon fabric. With the results of the bulk polymers, 

6wt% to be taken for all the mixture. The test conducted on ‘Tilnius Olsen H10 KT’ Universal testing 

machine with 10 KN cell. The samples were pure epoxy and CSR concentration of 6 wt% of ACE 

MX-125, 156 and 960. 5 samples from each composition were tested and the specimen shown in Fig.  

27.  

 

Fig.  27. CFRP Tensile test specimen 

4.3. Flexural test for the investigation of Bending properties 

Bending test on carbon fibre composite is based on the ‘ASTM D-790’ standard. The specimens cut 

down from the rectangular plates. Force of compression on top of the sample and force of tension on 

the bottom of the sample. The specimen span needs to be long enough to break. So, the loading span 

to thickness ratio is 16:1. The test conducted on the ‘Tilnius Olsen HK10 KT’ machine. Two 

supporting rollers on the end of the specimens. The specimens of pure epoxy carbon fibre composite 

and CSR (Ace MX-125, 156 and 960) modified carbon fibre composites at (6 and 10 wt%) were 

compared. 5 specimens from each composition were tested. The dimension of the specimen is given 

in Table 6 

Table 6. Dimension of 3 point bending test specimen 

Description Dimension in mm 

Overall length 100 

Thickness 2 

Width 12 

Distance between grips 32 

 

 

Fig.  28. 3 point bending specimen 

The Load vs displacement were recorded during the test. The sketch of 3 point bending test is shown 

in Fig.  29 

 

Fig.  29. Schematic diagram of 3 point bending test 
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4.4. Interlaminar shear strength test 

To determine the matrix adhesion and quality of interfacial bonding shear strength of the carbon fibre 

specimens, the short beam test was conducted according to the ‘ASTM D-2344’ standard. The 

dimension of the specimen and span to thickness ratio is the difference from the 3-point bending test. 

The span to thickness ratio is 6:1. This ratio forced shear stress to attain failure before tension and 

compression reach their ultimate level.  

Using thickness to determine the dimension of the specimen.  

Span length = 6 × thickness (2) = 12 mm 

The specimen with the dimension of 100×10×2 was prepared. The specimens of pure epoxy carbon 

composite and CSR modified carbon composites at (6 and 10 wt%) were tested and compared. 

 

Fig.  30. Short beam test specimens 

4.5. Impact test on carbon fibre composite 

The test was conducted to compare the impact resistance to puncture of the pure epoxy composite 

with the CSR modified carbon fibre composites. The preparation was same as for the previous tests 

and the specimen is cut down from the rectangular plate. The dimension of the specimen is 80×80 

mm and the thickness is 1 mm. 

 

Fig.  31. Drop weight impact test specimen 
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The test was carried on a “Cosfield” drop weight impact tester according to the standard of ISO 6603-

2 with the software. The drop weight is from the height of 400 mm and the impactor weight is 5.19 

kg with a radius of 10 mm. The impact energy applied during the test was 20 J. 

5. Results 

5.1. Tensile test results of bulk polymers 

The following graph (Fig.  32) shows the tensile test results (Stress vs Strain) of pure epoxy and 

CSR(3, 6, 10 and 15 wt%) modified bulk polymers.  

 

Fig.  32. (a) Stress vs strain of pure epoxy sample (b)with Ace MX-125 (c)with Ace MX-156 (d)with Ace 

MX-960 

From graph 32, the tensile strength of the modified CSR samples is less when compared to the pure 

epoxy samples. This is the expected one. But the CSR particles increased the strain values. Epoxy 

with 6 wt% of Ace MX-156 particles increased the strain by 7.2% as compared to 6.5% of pure epoxy 

as shown in Fig. 32 (a), without affecting the stress. However, the Ace MX-125 and 960 reduced the 

stress as well as the strain of pure epoxy, as shown in Fig. 32 (b) and (d). The reduction in stress due 

to the increased content of rubber particles caused the plasticization effect. It can also be observed 

that 6 wt.% of all rubber particles increased strain in the epoxy. Further increase in the wt% on CSR 
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particles in epoxy deteriorates the mechanical properties. Based on these results, 6 wt% of all the 

three CSR particles were used to modify the matrix with the carbon fibre as reinforcement.  

5.2. Tensile test results of Carbon fibre composite 

The output of the experiment is the max. force and displacement to the load direction. Figure 33 and 

34 shows the stress-strain curve of pure epoxy carbon fibre composite and Carbon fibre composite 

doped with 6 wt% of Ace MX-125, 156 and 960. 

 

Fig.  33. Stress vs strain of pure epoxy carbon fibre composite 

As we have seen from the graph (Fig.  33) maximum stress on the pure epoxy carbon fibre composite 

is 209 MPa.  

 

Fig.  34. Stress vs strain of CSR modified carbon fibre composite 

From the graph (Fig.  34), we can see that the epoxy with 6 wt% of Ace MX-156 shows much 

improvement in both the stress and strain value. The stress and strain value increased by 38% and 

30%. 
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Also, the CSR particles of Ace MX-125 and 960 modified composites increased the stress by 24% 

and 16% higher than the pure epoxy carbon composite. The strain values are also increased in all the 

three CSR particles modified composite by 12, 30 and 8%. This proves that the 6 wt% is the optimum 

concentration for the improvement. 

Table 7. Tensile test results of pure and CSR modified CFRP 

No Specimen type Breaking force, N Maximum stress, MPa Strain, % 

1 Pure epoxy sample 2162 209 1.38 

2 With 6 wt% of Ace MX-125 3145 260 1.57 

3 With 6 wt% of Ace MX-156 3514 289 1.81 

4 With 6 wt% of Ace MX-960 2893 248 1.51 

 

From table 7, we can see the improvement in the braking force. With the addition of Ace MX-125, 

156 and 960 particles braking force is increased to 45%, 62% and 33% compared with the pure epoxy 

carbon fibre composite. 

The ultimate tensile strength is the maximum load withstand before the specimen breaks. It is also 

known as Tensile stress. 

𝜎𝑚𝑎𝑥 =  
𝑃𝑚𝑎𝑥

𝐴0
                  

where, Pmax - Maximum load acting on the specimen and A0 - Area of the specimen before loading 

Using the obtained results, we can calculate the tensile modulus using the formula. The tensile 

modulus calculated from the strain values of 0.1 and 0.3% mm/mm. 

𝐸 =
𝜎2−𝜎1

𝜀2−𝜀1
                                                                                                                

Where, E - Tensile modulus, σ and Ԑ - measured stress and strain values. 

The calculated values are shown in table 8.  

Table 8. Tensile modulus of all the specimens 

No Specimen type Tensile modulus, GPa 

1 Pure epoxy sample 19 

2 With 6 wt% of Ace MX-125 20 

3 With 6 wt% of Ace MX- 156 21 

4 With 6 wt% of Ace MX-960 24 
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5.3. Flexural test results 

Figure 35 shows the Force vs displacement curve of pure and CSR modified carbon fibre composites. 

During the test, the specimen withstands the load acting on it.  After reaching the maximum load, 

curves decreased due to the breakage of fibres.  

 

Fig.  35. Load vs displacement curve pure epoxy and CSR modified Carbon fibre reinforced polymer 

composite (6 wt.% of CSR particles) 

As we have seen from the graph (Fig.  35), it shows linear behaviour until the breakage occurs. The 

maximum force on the epoxy composite is 298 N. The maximum force on CSR modified composite 

B and C was 336 N and 439 N. It is 12% and 47% higher than the pure epoxy composite. The matrix 

A only weakened the composite, the maximum force here is 217 N. It is 37% lower than the pure 

epoxy matrix composite. 

 

Fig.  36. Load vs displacement curve of pure epoxy and CSR modified carbon fibre reinforced polymer 

composite (6 wt.% of CSR particles) 
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Fig.  36 shows with the CSR 10 wt% modified matrix composites, there is no reduction in the force. 

All the three CSR modified matrix composites show improvement. It withstands the force of  354 N 

(18%), 445 N (49%) and 407 N (36%) more than the pure epoxy composite. The rubber particles 

improved the matrix structure.  

From the available data Flexural strength was calculated using the formula. 

𝜎𝑓 =
𝐹𝑚𝑎𝑥𝐿

𝑏⋅𝑑2                                                              

where, Fmax – Maximum load, b – width (mm) and d – thickness (mm). 

 

Fig.  37. Flexural strength of pure epoxy and CSR modified Carbon fibre reinforced polymer composite 

From the graph (Fig.  37) we can see that the CSR particles improved the flexural strength of the 

composite. The strength of pure epoxy sample was 240 Mpa. It can be observed that Ace MX-960 

particles improve the flexural strength by 39% whereas Ace MX-125 particles decreased the strength 

by 26%. The particles of Ace MX-156 marginally improve the flexural strength by 6%. When the 

weight percentage of rubber particles increased, the flexural properties also increased.  

Likewise, with the 10 wt.%, the flexural strength gradually increased. With the 10 wt.% of CSR 

particles, the strength increased by 14% with Ace MX-125, 48% with Ace MX-156 and 33% with 

Ace MX-960. 

Flexural modulus, 

𝜀𝑓 =  
𝑚.𝐿3  

(4𝑏𝑑3)
   

where, Fmax - maximum force, L - support span, b - width of specimen, d - specimen thickness and m 

- a slope of the force-displacement curve.    

Table 9 below shows the flexural modulus of pure and CSR modified at 6 and 10 wt.% of carbon 

fibre reinforced polymer composites.  
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Table 9. Flexural modulus of pure epoxy and CSR modified at 6 wt.% carbon fibre composite 

No Specimen type Flexural modulus, GPa 

1 Pure epoxy sample 17.91 

2 With Ace MX-125, 6 wt.% 18.24 

3 With Ace MX-156, 6 wt.% 20.6 

4 With Ace MX-960, 6 wt.% 24.16 

Table 10. Flexural modulus of pure epoxy and CSR modified at 10 wt.% carbon fibre composite 

No Specimen type Flexural modulus, GPa 

1 Pure epoxy sample 17.91 

2 With Ace MX-125, 10 wt.% 21.6 

3 With Ace MX-156, 10 wt.% 24.9 

4 With Ace MX-960, 10 wt.% 23.34 

5.4. Dynamic testing results 

During the impact test, the force (kN), contact time (ms), deflection (mm) and impact energy (J) were 

measured. The energy absorbed by the specimen was obtained from the force and displacement. All 

the samples were tested at the speed of 2.8 m/s. The impactor from the height of 400 mm. The amount 

of energy applied to the specimen is 20 J. According to the ISO 6603-2 standard, the force-time graph 

depicts force at damage, maximum force, and force at puncture of the specimens. 

 

Fig.  38. Energy-Deflection graph of pure epoxy and CSR (6 wt.%) modified Carbon fibre reinforced 

polymer composite 

Fig.  38 shows that all specimens with 6 wt% of CSR particles absorb more energy than the pure 

epoxy specimens. It absorbs 6.35 J of energy whereas the 3% of rubber particles makes the composite 

absorb more energy, the specimens with Ace MX-125, 156 and 960 absorbs 7.31 J, 7.95 J and 8.46 J 

of energy.  
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Fig.  39. Energy-Deflection graph of pure epoxy and CSR (10 wt.%) modified Carbon fibre reinforced 

polymer composite 

Likewise, the 10 wt.% of Ace MX-125, 156 and 960 improved the composites energy absorption 

capability composites which are shown in Fig.  39. When the amount of rubber particles getting 

increased, the energy absorption increased due to the nano-sized rubber core. The specimens with 

Ace MX-125, 156 and 960 at 6 wt.% absorbs 10.54 J, 11 J and 11.56 J of energy which is 65%, 73% 

and 82% more than the pure epoxy samples. 

In Fig.  40, subscript ‘d’ denotes damage initiation of the specimen. Therefore, the force required to 

puncture ‘FP’ the specimen is half of the maximum force ‘Fm’. The force required to puncture the 

pure epoxy sample is 0.659 kN,  whereas the force required for the modified composite is 0.627 kN. 

 

Fig.  40. Force-Energy-Displacement graph of (a) pure epoxy and (b) CSR modified (Ace MX-156, 10 wt%) 

Carbon fibre reinforced polymer composite 
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The deflection at the puncture of a pure epoxy specimen is 0.659 KN and for the CSR modified 

specimen is 0.627 KN. Force is a little bit different, but the energy absorbing capacity of CSR 

modified composites increased relentlessly. 

 

Fig.  41. Punctured specimens of each type 

Fig.  41 shows the specimens of each type, which allows us to compare them with each other. It is 

compared that the figure 38 and 39, it is cleared that the curves of energy were increased by adding 

the rubber particles up to 10 wt.%. CSR particles eliminate the damage initiation energy and 

improving the bonding between the matrix and carbon fibre leads to delaying the crack propagation 

and absorbing more energy than the pure epoxy composite.  

 

Fig.  42. Specimens with fibre failure (a) pure epoxy composite (b) Ace MX-960 at 10 wt.% modified 

composite 

Fig.  42 shows the damage that occurred in the specimens at the end of the drop weight test. All of 

the specimens with comparable damage forms are penetrated by the given impact energy (20 J) 

through the steel impactor. The diamond shape represents the end of failure. There was fibre pull out 

and edges are sharp at the breakage point. The specimen with CSR particles turns out to be more 

Damage 

diamonds 
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brittle than the epoxy one. The stress causes fibre damage because a large amount of load is converted 

into shear stress. The front and backside have the same feature, compression on the front side and 

high tensile stress on the opposite side.  

5.5. Interlaminar shear strength test results 

Using the short beam test to evaluate the fibre adhesion of the composite material. Material’s fatigue 

behaviour is greatly influenced by ILSS. It is a simple mode Ⅱ transverse shear loading test.  

 

Fig.  43. Load vs Displacement curve of pure and CSR modified at 6 wt.% Carbon fibre reinforced polymer 

composite for ILSS 

Fig.  43, the max. force on the pure epoxy composite was 530 N. Likewise in the bending test, with 

the Ace MX-125 at 6 wt.% the force is less when compared to the epoxy one. The Ace MX-156 and 

960 need more force to get damage and the force required was 3% higher than the pure epoxy 

composite. With Ace MX-960 at 6 wt.%, the force was the same as the pure epoxy composite.  

 

Fig.  44. Load vs Displacement curve of pure and CSR modified at 10 wt.% Carbon fibre reinforced polymer 

composite for ILSS 
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With the 10 wt.%, all the three CSR particles shows improvement. When compared with the pure 

epoxy composite the Ace MX-125, 156 and 960 requires 15%, 27% and 19% more force to initiate 

the breakage which is shown in Fig.  44. It improves the strength of composites. 

ILSS  calculated by using the formula, 

𝐹 =
(0.75×𝑃𝑚𝑎𝑥)

𝑏×ℎ
                                          

where, Pmax -  Maximum force during the test in N, b – width in mm and h – thickness in mm 

Table 11. ILSS results of pure and modified CFRP at 6 wt% 

No Specimen type Interlaminar shear strength, MPa 

1 Pure epoxy sample 19.76 

2 With 6 wt% of Ace MX-125 16.52 

3 With 6 wt% of  Ace MX-156 21.36 

4 With 6 wt% of Ace MX-960 24.1875 

Table 12. ILSS results of pure and modified CFRP at 10 wt% 

No Specimen type Interlaminar shear strength, MPa 

1 Pure epoxy sample 19.76 

2 With 10 wt% of Ace MX-125 22.35 

3 With 10 wt% of  Ace MX-156 26.4 

4 With 10 wt% of Ace MX-960 26.5 

From table 11 and 12 we can see that the Interlaminar shear strength of Ace MX-125 at 6 wt.% is 

getting reduced because of the adhesion effect between the modified matrix and the carbon fibre 

reinforcement. But with the Ace MX-156 and 960, the interlaminar strength increased by 8% and 

22%. With 10 wt% of Ace MX-156 and 960 gave almost the same values of ILSS. ILSS improved 

by 13% with Ace MX-125 at 10 wt%. when the amount of rubber particles increased, the composites 

are enabled to resist the delamination damage. The interlaminar shear strength increased with the 

content of CSR particles. 

 

 

 

 

 

 

 



44 

 

Discussion 

Unlike the metals, carbon fibre is anisotropic, properties are not the same in all directions. Carbon 

fibre offers 2 to 5 times more rigidity. The carbon fibre composites have a density of 1.79 gram per 

cubic centimetre, which in the case of Aluminium is  2.7 g/cm3 and steel is 7.9 g/cm3. Carbon fibre 

is 2 and 5 times lesser than Aluminium and steel. CFRP can absorb 120 kJ/kg whereas steel only 

absorbs 20 kJ/kg.  

Various types of fillers are available to toughening the epoxy matrix which is discussed in the 

literature section. The rubber particles with different wt.% can be used as a matrix modifier to enhance 

the characteristics of the composites. When the amount of rubber particles increased, the viscosity of 

mixtures increased, it was discussed in the material section. Also, above the certain wt.% of fillers 

increased the brittleness of the mixture. Mechanical tests were conducted on the composites to 

evaluate the effect of CSR particles. Composites with CSR particles outperformed traditional epoxy 

composites.  

From the obtained results, the mechanical behaviour of Carbon fibre composites is upgraded with the 

Core shell rubber particles. It allows us to make more efficient CFRP composites for automotive 

applications. It helps to make the vehicles fuel-efficient, reducing weight and enhance the safety of 

passengers.  
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Conclusion 

In the current automotive field, CFRP composites is a promising material. It can be used to make 

driveshafts, chassis, wings, pillars etc., and it outperforms traditional materials like steel and 

aluminium in low weight applications. Improving the strength of the composites is considered to be 

an important study in the composite field. In this project, the mechanical properties of pure epoxy 

matrix carbon fibre composites were enhanced by modifying the matrix with Ace MX – 125, 156 and 

960 CSR particles for Automobile applications. By performing static and dynamic tests, the effects 

of CSR particles were evaluated. 

1. The tensile strength of 0º degree specimens of CFRP with 6 wt.% of Ace MX – 125, 156 and 960 

was enhanced up to 24, 38 and 16%. Also, the improvement in the modulus. With the addition of 

rubber particles, it withstands more force than traditional composites.  

2. The flexural and shear properties of composites were studied with CSR particles at 6 and 10 wt.%. 

Adding Ace MX-125, 156 and 960 at 10 wt.% shows excellent bending strength, modulus and 

shear strength. In both cases, only with the addition of Ace MX-125 (6 wt.%), the properties were 

degraded. The shear strength is a factor for good fatigue behaviour. CSR particles improved the 

fibre bond between the matrix and Carbon fibre to improve the shear behaviour of the composites 

compared to the traditional composite. The maximum improvement is 34%.  

3. The nano-sized core rubber improved the energy absorbing capacity of composites. With the CSR 

particles the composites able to absorb 40% more than the epoxy composites. The pure epoxy 

composites absorb 6 Joules of energy while the CF composites with Ace MX-125, 156 and 960 

particles absorb 10.54 J, 11 J and 11.56 J of energy which is 65%, 73% and 82% more than the 

pure epoxy samples.  
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Appendices 

Appendix 1. Tensile test results 

Carbon fibre, Pure epoxy composite 

No L Lt t b F σ Ԑ E 

 mm mm mm mm N MPa % GPa 

1 200 150 1.01 10.45 1552 147.109 2.05 23.7 

2 200 150 1.05 10.40 1480.5 134.75 0.904 21.22 

3 200 150 1.02 10.45 3052 286.57 1.38 26.1 

4 200 150 1.05 10.40 2350 215.20 1.45 19.2 

5 200 150 1.02 10.50 2382.5 222.45 1.50 21.39 

Mean 2163 200.8 1.45 18.5 

Std. deviation 654.41 55.25 0.40 2.64 

 

Carbon fibre, with Ace MX-125 at 6 wt.% composite 

No L Lt t b F σ Ԑ E 

 mm mm mm mm N MPa % GPa 

1 200 150 1.02 10.45 3772 314.33 2.96 23 

2 200 150 1.01 10.35 3188 265.66 2.6 22.6 

3 200 150 1.05 10.50 2912 242.66 2.29 22.5 

4 200 150 1.02 10.45 2736 228 2.09 21.67 

5 200 150 1.01 10.40 3120 260 2.36 23.83 

Mean 3145.6 261.8 2.45 22.6 

Std. deviation 392.80 32.73 0.33 0.78 

 

Carbon fibre, with Ace MX-156 at 6 wt.% composite 

No L Lt t b F σ Ԑ E 

 mm mm mm mm N MPa % GPa 

1 200 150 1.01 10.45 3688 241.66 1.86 20.01 

2 200 150 1.02 10.5 3136 261.33 1.792 22.66 

3 200 150 1.01 10.35 3962 261.33 2.09 22.3 

4 200 150 1.02 10.45 2796 233 1.43 22.3 

5 200 150 1.01 10.40 3932 327.66 2.07 22.3 

Mean 350.8 264.49 1.84 21.91 

Std. deviation 522 37.14 0.26 1 
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Carbon fibre, with Ace MX-960 at 6 wt.% composite 

No L Lt t b F σ Ԑ E 

 mm mm mm mm N MPa % GPa 

1 200 150 1.02 10.45 3292 300.02 2 24.7 

2 200 150 1.01 10.50 3048 279.12 1.66 26.1 

3 200 150 1.01 10.44 3068 269.4 1.67 23.1 

4 200 150 1.02 10.52 2200 200.47 1.34 22.33 

5 200 150 1.01 10.40 2800 250.21 1.7 21.3 

Mean 2881.6 259.98 1.674 23.5 

Std. deviation 418.95 37.73 0.23 1.90 

 

Appendix 2: Flexural test results 

Carbon fibre, pure epoxy composite 

No L Ls t b F σ Ԑ σf Ef 

 mm mm mm mm N MPa % MPa GPa 

1 100 32 1.9 12.5 339.6 361.23 4.92 226 19.38 

2 100 32 1.9 12.5 347.2 369.31 3.58 231.46 12.06 

3 100 32 1.9 12.5 324.8 345.49 3.42 216.5 18.26 

4 100 32 1.9 12.5 356 378.68 3.55 237.33 15.61 

5 100 32 1.9 12.5 266.4 283.373 3.28 177.6 20.21 

6 100 32 1.9 12.5 363.8 386.34 3.28 242.53 15.89 

Mean 332.96 354.07 3.66 221.90 16.90 

Std. deviation 37.63 37.42 0.62 23.51 2.74 

 

Carbon fibre, with Ace MX-125 at 6 wt.% composite 

No L Ls t b F σ Ԑ σf Ef 

 mm mm mm mm N MPa % MPa GPa 

1 100 32 1.9 12.5 280.8 298.69 4.74 187.2 21.33 

2 100 32 1.9 12.5 217.25 231.091 3.02 144.83 8.88 

3 100 32 1.9 12.5 263.32 279.969 2.32 175.46 17.63 

4 100 32 1.9 12.5 237.75 252.898 3.25 158.5 10.71 

5 100 32 1.9 12.5 221 235.08 3.705 147.33 18.82 

6 100 32 1.9 12.5 183 194.659 1.83 122 15.75 
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Mean 233.895 248.73 3.14 155.88 1.52 

Std. deviation 31.92 37.1762 1.02 23.29 4.82 

 

Carbon fibre, with Ace MX-156 at 6 wt.% composite 

No L Ls t b F σ Ԑ σf Ef 

 mm mm mm mm N MPa % Mpa GPa 

1 101 32 1.9 12.5 346 368.044 3.05 230.66 19.8 

2 102 32 1.9 12.5 338 359.960 2.87 225.6 17.07 

3 99.65 32 1.9 12.5 331.6 352.726 3.16 221.06 16.31 

4 101 32 1.9 12.5 352.8 375.27 3.10 235.2 18.61 

5 101 32 1.9 12.5 358.8 381.65 2.94 239.2 23.63 

6 100 32 1.9 12.5 358 380.80 3.16 238.66 20.14 

Mean 287.73 369.74 3.04 231.73 19.26 

Std. deviation 11.05 11.68 0.11 7.32 2.61 

 

Carbon fibre, with Ace MX-960 at 6 wt.% composite 

No L Ls t b F σ Ԑ σf Ef 

 mm mm mm mm N MPa % Mpa GPa 

1 101 32 1.9 12.5 502.5 534.51 2.57 335 21.95 

2 102 32 1.9 12.5 412.5 438.78 2.60 275 23.44 

3 100 32 1.9 12.5 461 490.37 2.57 307.33 22.65 

4 101 32 1.9 12.5 512.25 544.88 2.67 341.5 22.74 

5 101 32 1.9 12.5 479 509.51 2.58 319.33 23.75 

6 100 32 1.9 12.5 352.8 375.27 2.34 235.2 24.46 

Mean 453.34 482.22 2.55 302.22 23.165 

Std. deviation 60.63 64.49 0.11 40.42 0.89 

 

Carbon fibre, with Ace MX-125 at 10 wt.% composite 

No L Ls t b F σ Ԑ σf Ef 

 mm mm mm mm N MPa % Mpa GPa 

1 100 32 1.9 12.5 386 478.51 4.04 257.33 26.40 

2 100 32 1.9 12.5 348.4 375.81 3.30 232.66 25.09 

3 100 32 1.9 12.5 378.8 478.91 3.50 252.53 25.89 

4 100 32 1.9 12.5 393.2 423.70 3.61 262.13 20.76 
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5 101 32 1.9 12.5 400.5 434.08 3.18 267 16.69 

6 100 32 1.9 12.5 324.8 382.50 4.50 216.53 24.92 

Mean 371.95 428.91 3.68 248.03 23.29 

Std. deviation 29.28 44.69 0.49 19.46 3.80 

 

Carbon fibre, with Ace MX-156 at 10 wt.% composite 

No L Ls t b F σ Ԑ σf Ef 

 mm mm mm mm N MPa % Mpa GPa 

1 100 32 1.9 12.5 490.5 564.61 3.75 327 21.40 

2 100 32 1.9 12.5 442 505.95 3.31 294.66 24.19 

3 100 32 1.9 12.5 477.5 548.77 3.14 318.3 26.07 

4 100 32 1.9 12.5 564 651.82 1.79 376 32.24 

5 100 32 1.9 12.5 506.25 537.2148 2.77 337.5 21.77 

6 100 32 1.9 12.5 420.5 481.72 3.72 280.33 23.24 

Mean 483.45 548.34 3.08 322.2 24.8 

Std. deviation 50.54 58.87 0.73 33.69 4.01 

 

Carbon fibre, with Ace MX-960 at 10 wt.% composite 

No L Ls t b F σ Ԑ σf Ef 

 mm mm mm mm N MPa % Mpa GPa 

1 100 32 1.9 12.5 401.5 475.09 3.17 267.66 26.43 

2 100 32 1.9 12.5 438 515.81 3.17 292 25.56 

3 100 32 1.9 12.5 372.8 440.42 3.42 248.53 22.91 

4 100 32 1.9 12.5 552.75 654.58 2.49 368.5 31.43 

5 100 32 1.9 12.5 406.5 481.39 2.69 271 23.28 

6 100 32 1.9 12.5 436.5 516.09 3.42 291 18.11 

Mean 434.67 513.89 3.06 289.78 24.62 

Std. deviation 62.73 74.51 0.38 41.82 4.41 
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Appendix 3: Impact test results 

Pure epoxy composite 

 

 

Sample T Id Fd Ed Im Fm Em Ip Fp Ep FoTm EoTm Vo Bi Ts 

 mm mm kN J mm kN J mm mm J kN/m J/mm m/s  ᵒC 

1 1.070 1.284 0.689 0.373 2.8

71 

1.3

32 

2.1

06 

4.3

39 

0.66

6 

3.476 1.245 1.969 2.0

39 

0 11.

9 

2 1.070 1.118 0.548 0.243 2.4

82 

1.4

84 

1.5

95 

3.2

57 

0.73

9 

2.421 1.387 1.490 2.0

4 

0 11.

9 

3 1.070 1.535 0.654 0.405 2.7

67 

1.3

35 

1.6

39 

3.9

88 

0.66

6 

2.770 1.247 1.532 2.0

41 

0 12.

0 

4 1.070 1.332 0.725 0.402 2.0

98 

1.2

24 

1.1

32 

4.7

51 

0.61

2 

3.439 1.143 1.058 2.0

41 

0 12.

0 

5 1.070 1.309 0.697 0.361 2.3

63 

1.3

29 

1.4

11 

3.9

26 

0.66

4 

2.945 1.242 1.318 2.0

39 

0 12.

0 

6 1.070 1.192 0.504 0.219 2.1

53 

1.2

15 

1.0

00 

3.5

60 

0.60

7 

2.271 1.135 0.934 2.0

41 

0 12.

0 

Mean 1.070 1.295 0.636 0.334 2.4

56 

1.3

20 

1.4

80 

3.9

70 

0.65

9 

2.887 1.233 1.384 2.0

40 

 

Std. Dev 0.000 0.142 0.089 0.082 0.3

16 

0.0

98 

0.3

97 

0.5

34 

0.04

8 

0.503 0.091 0.371 0.0

01 

Var. 

Coeff 

0.00% 10.98

% 

14.06

% 

24.46

% 

12.

86

% 

7.4

% 

26.

81

% 

13.

45

% 

7.28

% 

17.42

% 

7.40% 26.81

% 

0.0

5% 

 

 

 



56 

 

Carbon fibre, with Ace MX-125 at 6 wt.% composite 

 

 

Sample T Id Fd Ed Im Fm Em Ip Fp Ep FoTm EoTm Vo Bi Ts 

 mm mm kN J mm kN J mm mm J kN/m J/mm m/s  ᵒC 

1 1.070 1.077 0.499 0.226 2.3

80 

1.0

51 

1.2

74 

5.2

30 

0.52

5 

3.506 0.982 1.191 2.0

42 

0 12.

1 

2 1.070 1.178 0.462 0.213 2.7

17 

1.0

03 

1.4

42 

3.7

23 

0.50

0 

2.238 0.937 1.347 2.0

40 

0 12.

1 

3 1.070 1.118 0.515 0.235 2.9

69 

1.1

01 

1.8

61 

4.5

99 

0.55

0 

3.142 1.029 1.740 2.0

40 

0 12.

1 

4 1.070 1136 0.523 0.253 2.3

37 

1.2

66 

1.2

74 

3.8

86 

0.63

2 

2.732 1.183 1.191 2.0

41 

0 12.

1 

5 1.070 0.962 0.430 0.183 1.8

98 

1.1

59 

0.8

99 

2.9

64 

0.57

9 

1.912 1.083 0.840 2.0

41 

0 12.

1 

6 1.070 1.070 0.573 0.256 2.5

14 

1.2

20 

1.5

16 

4.0

58 

0.60

9 

2.841 1.140 1.417 2.0

42 

0 12.

1 

Mean 1.070 1.090 0.500 0.228 2.4

69 

1.1

33 

1.3

78 

4.0

77 

0.56

6 

2.729 1.059 1.288 2.0

41 

 

Std.Dev 0.000 0.074 0.050 0.027 0.3

65 

0.1

00 

0.3

19 

0.7

75 

0.05

0 

0.582 0.094 0.298 0.0

01 

Var.Coe

ff 

0.00% 6.81% 10.01

% 

11.87

% 

14.

77

% 

8.8

6% 

23.

12

% 

19.

01

% 

8.89

% 

21.33

% 

8.86% 23.12

% 

0.0

4% 
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Carbon fibre, with Ace MX-156 at 6 wt.% composite 

 

 

Sample T Id Fd Ed Im Fm Em Ip Fp Ep FoTm EoTm Vo Bi Ts 

 mm mm kN J mm kN J mm mm J kN/m J/mm m/s  ᵒC 

1 1.070 0.872 0.390 0.16

3 

2.43

9 

1.0

15 

1.2

75 

6.8

43 

0.50

7 

4.48

4 

0.949 1.19

2 

2.040 0 12.

1 

2 1.070 1.083 0.529 0.23

8 

2.49

8 

1.1

39 

1.4

50 

6.6

53 

0.56

9 

4.65

8 

1.064 1.35

5 

2.043 0 12.

1 

3 1.070 1.539 0.638 0.36

5 

2.59

3 

1.0

58 

1.2

90 

7.0

34 

0.52

9 

4.57

9 

0.988 1.20

5 

2.040 0 12.

1 

4 1.070 1.133 0.501 0.25

2 

2.68

8 

1.2

25 

1.6

03 

5.0

72 

0.61

2 

3.69

3 

1.145 1.49

8 

2.041 0 12.

1 

5 1.070 1.089 0.502 0.23

8 

2.82

7 

1.0

93 

1.7

26 

6.7

29 

0.54

7 

4.58

3 

1.022 1.61

3 

2.042 0 12.

1 

6 1.070 1.111 0.561 0.26

4 

3.15

2 

1.0

41 

1.9

51 

6.5

75 

0.52

0 

4.31

3 

0.973 1.82

3 

2.041 0 12.

3 

Mean 1.070 1.138 0.520 0.25

3 

2.69

9 

1.0

95 

1.5

49 

6.4

84 

0.54

7 

4.38

5 

1.023 1.44

8 

2.041  

Std.Dev 0.000 0.218 0.081 0.06

5 

0.26

1 

0.0

77 

0.2

64 

0.7

10 

0.03

9 

0.35

9 

0.072 0.24

6 

0.001 

Var.Coe

ff 

0.00% 19.17

% 

15.66

% 

25.6

6% 

9.68

% 

7.0

2% 

17.

02

% 

10.

95

% 

7.04

% 

8.20

% 

7.02% 17.0

2% 

0.05% 
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Carbon fibre, with Ace MX-960 at 6 wt.% composite 

 

 

Sample T Id Fd Ed Im Fm Em Ip Fp Ep FoTm EoTm Vo Bi Ts 

 mm mm kN J mm kN J mm mm J kN/

m 

J/mm m/s  ᵒC 

1 1.070 1.501 0.574 0.33

1 

3.41

7 

1.1

89 

2.0

61 

6.3

54 

0.59

4 

4.62

2 

1.11

1 

1.926 2.041 0 12.

3 

2 1.070 0.945 0.452 0.19

9 

2.03

3 

1.1

83 

1.0

03 

6.7

43 

0.59

1 

5.13

6 

1.10

5 

0.938 2.041 0 12.

3 

3 1.070 1.037 0.525 0.24

0 

2.69

4 

1.2

03 

1.6

65 

4.8

07 

0.60

1 

3.41

1 

1.12

4 

1.556 2.041 0 12.

3 

4 1.070 1.153 0.640 0.32

3 

2.54

7 

1.2

47 

1.6

32 

6.6

14 

0.62

3 

5.01

8 

1.16

5 

1.525 2.040 0 12.

3 

5 1.070 1.093 0.515 0.26

0 

3.09

9 

1.0

96 

2.0

29 

7.0

74 

0.54

8 

5.21

1 

1.02

4 

1.896 2.040 0 12.

3 

6 1.070 1.043 0.522 0.24

3 

2.69

4 

1.1

94 

1.6

80 

5.1

23 

0.59

6 

3.78

8 

1.11

6 

1.570 2.041 0 12.

3 

Mean 1.070 1.128 0.538 0.26

6 

2.74

7 

1.1

85 

1.6

78 

6.1

19 

0.59

2 

4.53

1 

1.10

7 

1.568 2.041  

Std. Dev 0.000 0.195 0.064 0.05

1 

0.47

5 

0.0

49 

0.3

81 

0.9

29 

0.02

5 

0.75

9 

0.04

6 

0.356 0.001 

Var. 

Coeff 

0.00% 17.28

% 

11.82

% 

19.2

8% 

17.2

9% 

4.1

6% 

22.

73

% 

15.

18

% 

4.16

% 

16.7

6% 

4.16

% 

22.73

% 

0.03% 

 

 

 

 

 



59 

 

Carbon fibre, with Ace MX-125 at 10 wt.% composite 

 

 

Sample T Id Fd Ed Im Fm Em Ip Fp Ep FoTm EoTm Vo Bi Ts 

 mm mm kN J mm kN J mm mm J kN/m J/mm m/s  ᵒC 

1 1 1.618 0.795 0.52

5 

2.58

2 

1.20

9 

1.46

4 

5.3

61 

0.60

5 

4.03

3 

1.209 1.464 1.99

6 

0 14.

8 

2 1 1.064 0.408 0.17

1 

2.67

5 

1.19

0 

1.40

4 

7.2

65 

0.59

5 

5.47

1 

1.190 1.404 1.99

7 

0 14.

9 

3 1 1.150 0.409 0.20

4 

2.76

9 

1.22

7 

1.58

6 

7.0

96 

.613 5.32

6 

1.227 1.586 1.99

6 

0 14.

9 

4 1 1.074 0.427 0.18

0 

2.61

7 

1.20

8 

1.41

1 

6.0

19 

0.30

4 

4.20

3 

1.208 1.411 1.99

6 

0 14.

9 

5 1 1.193 0.517 0.25

0 

2.60

7 

1.18

1 

1.48

0 

6.8

76 

0.59

0 

5.13

7 

1.181 1.480 1.99

6 

0 15.

0 

6 1 1.194 0.615 0.33

3 

2.37

1 

1.27

4 

1.42

8 

4.8

80 

0.63

6 

3.90

8 

1.274 1.428 1.99

6 

0 15.

0 

Mean 1.0

00 

1.216 0.529 0.27

7 

2.60

4 

1.21

5 

1.46

2 

6.2

50 

0.60

7 

4.68

0 

1.215 1.462 1.99

6 

 

Std. Dev 0.0

00 

0.205 0.153 0.13

5 

0.13

2 

0.03

3 

0.06

8 

0.9

86 

0.01

6 

0.70

6 

0.033 0.068 0.00

0 

Var. 

Coeff 

0.0

0% 

16.87

% 

29.03

% 

48.7

7% 

5.07

% 

2.73

% 

4.63

% 

15.

77

% 

2.68

% 

15.0

9% 

2.73% 4.63% 0.02

% 
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Carbon fibre, with Ace MX-156 at 10 wt.% composite 

 

 

Sample T Id Fd Ed Im Fm Em Ip Fp Ep FoTm EoTm Vo Bi Ts 

 mm mm kN J mm kN J mm mm J kN/

m 

J/mm m/s  ᵒC 

1 1.000 1.618 0.79

5 

0.525 2.58

2 

1.2

09 

1.4

64 

5.3

61 

0.60

5 

4.03

3 

1.20

9 

1.464 1.996 0 14.8 

2 1.000 1.064 0.40

8 

0.171 2.67

5 

1.1

90 

1.4

04 

7.2

65 

0.59

5 

5.47

1 

1.19

0 

1.404 1.997 0 14.9 

3 1.000 1.150 0.40

9 

0.204 2.76

9 

1.2

27 

1.5

86 

7.0

96 

.613 5.32

6 

1.22

7 

1.586 1.996 0 14.9 

4 1.000 1.074 0.42

7 

0.180 2.61

7 

1.2

08 

1.4

11 

6.0

19 

0.30

4 

4.20

3 

1.20

8 

1.411 1.996 0 14.9 

5 1.000 1.193 0.51

7 

0.250 2.60

7 

1.1

81 

1.4

80 

6.8

76 

0.59

0 

5.13

7 

1.18

1 

1.480 1.996 0 15.0 

6 1.000 1.194 0.61

5 

0.333 2.37

1 

1.2

74 

1.4

28 

4.8

80 

0.63

6 

3.90

8 

1.27

4 

1.428 1.996 0 15.0 

Mean 1.000 1.216 0.52

9 

0.277 2.60

4 

1.2

15 

1.4

62 

6.2

50 

0.60

7 

4.68

0 

1.21

5 

1.462 1.996  

Std.Dev 0.000 0.205 0.15

3 

0.135 0.13

2 

0.0

33 

0.0

68 

0.9

86 

0.01

6 

0.70

6 

0.03

3 

0.068 0.000 

Var.Coe

ff 

0.00% 16.87

% 

29.0

3% 

48.77

% 

5.07

% 

2.7

3% 

4.6

3% 

15.

77

% 

2.68

% 

15.0

9% 

2.73

% 

4.63% 0.02% 
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Carbon fibre, with Ace MX-960 at 10 wt.% composite 

 

 

Sample T Id Fd Ed Im Fm Em Ip Fp Ep FoTm EoTm Vo Bi Ts 

 mm mm kN J mm kN J mm mm J kN/m J/mm m/s  ᵒC 

1 1.000 0.951 0.389 0.17

2 

2.44

6 

1.1

61 

1.3

61 

7.4

28 

0.58

0 

6.15

2 

1.161 1.36

1 

1.997 0 14.9 

2 1.000 1.086 0.542 0.24

5 

2.50

4 

1.2

20 

1.4

71 

6.9

05 

0.61

0 

5.36

9 

1.220 1.47

1 

1.998 0 15.0 

3 1.000 1.167 0.608 0.30

9 

2.98

8 

1.3

50 

2.1

22 

7.0

74 

0.67

5 

6.20

9 

1.350 2.12

2 

1.997 0 15.0 

4 1.000 1.138 0.516 0.26

3 

2.56

5 

1.1

53 

1.4

75 

6.9

60 

0.57

5 

5.22

0 

1.153 1.47

5 

1.997 0 15.0 

5 1.000 1.217 0.587 0.32

0 

2.45

9 

1.2

23 

1.4

15 

7.5

77 

0.61

1 

6.27

7 

1.223 1.41

5 

1.997 0 15.0 

6 1.000 1.100 0.508 0.24

6 

2.81

3 

1.1

75 

1.7

17 

6.8

46 

0.58

8 

5.37

3 

1.175 1.71

7 

1.997 0 15.0 

Mean 1.000 1.110 0.525 0.25

9 

2.62

9 

1.2

14 

1.5

93 

7.1

32 

0.60

6 

5.76

7 

1.214 1.59

3 

1.997  

Std.Dev 0.000 0.091 0.077 0.05

3 

0.22

1 

0.0

73 

0.2

86 

0.3

00 

0.03

7 

0.49

3 

0.073 0.28

6 

0.000 

Var.Coe

ff 

0.00% 8.19% 14.74

% 

20.4

7% 

8.42

% 

6.0

3% 

17.

97

% 

4.2

1% 

6.05

% 

8.55

% 

6.03% 17.9

7% 

0.02% 
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Appendix 4: Interlaminar shear strength test results 

Carbon fibre, pure epoxy composite 

No L Ls t b F ILSS 

 mm mm mm mm KN MPa 

1 40.62 12 1.90 10.50 0.5172 19.95 

2 40.80 12 1.85 10.48 0.5362 20.15 

3 40.60 12 1.90 10.50 0.5533 20.80 

4 40.80 12 1.90 10.45 0.5306 19.94 

5 40.80 12 1.90 10.47 0.4296 16.15 

Mean 0.51338 19.398 

Std. deviation 0.048592 1.849262 

 

Carbon fibre, with Ace MX-125 at 6 wt.% composite 

No L Ls t b F ILSS 

 mm mm mm mm KN MPa 

1 40.70 12 1.98 10.30 0.4995 18.85 

2 40.65 12 1.96 10.45 0.5022 19 

3 40.62 12 2 10.42 0.4965 18 

4 40.67 12 2 10.45 0.4899 17.35 

5 40.52 12 2 10.43 0.4999 18.32 

Mean 0.4976 18.304 

Std. deviation 0.004758 0.668079 

 

Carbon fibre, with Ace MX-156 at 6 wt.% composite 

No L Ls t b F ILSS 

 mm mm mm mm KN MPa 

1 40.65 12 1.85 10.43 0.6631 24.28 

2 40.62 12 1.90 10.46 0.5272 19.8 

3 40.66 12 1.85 10.39 0.518 19.47 

4 40.60 12 1.80 10.43 0.512 19.24 

5 40.13 12 1.94 10.48 0.6323 23.77 

Mean 0.6631 24.28 

Std. deviation 0.071497 2.491138 
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Carbon fibre, with Ace MX-960 at 6 wt.% composite 

No L Ls t b F ILSS 

 mm mm mm mm KN MPa 

1 40.60 12 1.98 10.38 0.7332 27.56 

2 40.64 12 1.98 10.27 0.6381 23.98 

3 40.63 12 1.85 10.46 0.7047 26.49 

4 40.64 12 1.96 10.46 0.6009 22.59 

5 40.68 12 1.96 10.43 0.5493 20.65 

Mean 0.64524 24.254 

Std. deviation 0.07499 2.817895 

 

Carbon fibre, with Ace MX-125 at 10 wt.% composite 

No L Ls t b F ILSS 

 mm mm mm mm KN MPa 

1 40.64 12 1.97 10.28 0.6464 24.30 

2 40.67 12 2 10.40 0.6165 23.17 

3 40.68 12 2 10.29 0.5535 20.80 

4 40.63 12 2 10.49 0.5773 21.70 

5 40.66 12 2 10.26 0.4584 17.23 

Mean 0.57042 21.44 

Std. deviation 0.072074 2.70988 

 

Carbon fibre, with Ace MX-156 at 10 wt.% composite 

No L Ls t b F ILSS 

 mm mm mm mm KN MPa 

1 40.63 12 1.91 10.48 0.7228 27.17 

2 40.63 12 1.77 10.48 0.6452 24.25 

3 40.68 12 1.82 10.48 0.7115 26.74 

4 40.54 12 1.74 10.46 0.7278 27.36 

5 40.67 12 1.75 10.53 0.7167 26.94 

Mean 0.7048 26.492 

Std. deviation 0.033881 1.274939 

 

 



64 

 

Carbon fibre, with Ace MX-960 at 10 wt.% composite 

No L Ls t b F ILSS 

 mm mm mm mm KN MPa 

1 40.66 12 1.80 10.51 0.7768 29.20 

2 40.64 12 1.80 10.47 0.6384 24 

3 40.65 12 1.80 10.52 0.7234 27.19 

4 40.65 12 1.90 10.45 0.7408 27.84 

5 40.68 12 1.80 10.40 0.6627 24.91 

Mean 0.70842 26.628 

Std. deviation 0.056881 2.136462 

 


