




























































































































































































































































































































































































































































































































































Chapter 8 Conclusions and suuestions for future work 

• The presence of nanosilica significantly improved the compressive modulus and 

strength without sacrificing the failure strain of the laminate provided that the 

nanosilica content was less than 13 vol. %. 

• The SEM and optical micrographs showed that the failure of the UD laminate was 

due to fibre micro buckling and kinking mechanisms. Therefore, the un 
compressive strength was predicted using several analytical models based on these 

failure mechanisms. The predicted strength using Budiansky's model showed a 

good agreement to the experimental results. However, a conservative prediction was 

made by Berbinau's model, where the model provides a good indication of the 

initiation of fibre microbuckling in the composite during compression. 

• The experimental results showed that the compressive modulus of 7 and 13 vol% 

nanosilica-filled HTS40/828 was comparable to that of the commercial CFRP 

composite system HTS40/977-2. As predicted using Budiansky's model, the 

compressive strength of 13%siIHTS40/828 was 1392 MPa. This suggests that the 

performance of this newly developed system could be even better than that of the 

commercial system provided an improved fabrication method (commercial type) is 

employed. 

Based on the systematic experimental investigation and results that have been discussed 

in the previous chapters, it can be concluded that a nanomodified CFRP system 

(developed using appropriate treated-nanofiller and epoxy resin) is a promising 

advanced material that can be used in modern FRP structures to improve damage 

tolerance and damage resistance properties. A large number of opportunities for further 

study have arisen based on various topics which have been investigated in this thesis. 

These are briefly listed in the following section. 
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8.2 Recommendations for future work 

The work performed during this project demonstrated that a properly treated-nanosilica 

dispersed in CFRP composite enhanced the compressive and in-plane shear properties. 

However, in order to compete with commercially available systems, the other properties 

must be studied further. The tensile, bending, fracture toughness and thermal properties 

of the nanomodified laminates must be further investigated. In addition, the 

performance of the CFRP composite materials is usually characterised by their damage 

resistance and damage tolerance. Damage resistance is the resistance of a material to 

damage from impact, while damage tolerance is the ability of a material or structure to 

perform safely after damage. These properties are often measured using the 

compression after impact (CAl) and the open hole compression (OHC) tests. Therefore, 

there is a strong need to investigate the effect of nanosilica on these two properties. In 

addition, hygrothermal effect and fatigue performance of the nanomodified-CFRP 

systems also need further examination. 

Even though DGEBA type epoxies (such as Epikote 828) have widely been used 

for various applications, high performance resins (which have high thermal properties 

such as Cycom 977 series) are usually selected for the development of advanced 

systems and structures such as aerospace and high-end automotive. A preliminary work 

has been conducted to disperse a similar type of nanosilica into commercial resin 

Cycom 977-20. TEM micrographs showed a homogeneous dispersion of nanosilica in 

the epoxy. Therefore, this work should be extended to investigate the reinforcement 

effect ofnanosilica on the properties of the high performance resin (Cycom 977-20). 

With many industries looking to lower cost and high quality composites, higher 

volume manufacturing and fabrication methods, such as prepreg, autoclave and resin 

transfer moulding, are becoming of increasing interest. A conventional lab-scale 

technique was employed in this study yielded CFRP laminates with a 42% volume 

fraction. Therefore, a better fabrication method such as resin transfer moulding or 

prepreg technique must be further explored. 

CNT is one of the most versatile nanofillers that currently used to improve 

electrical and thermal properties of polymers. It has high elastic modulus (1 OOOGPa) 

and strength (1l-200GPa) [61,86]. However, the full potential of reinforcement offered 

by this type of nanofiller is always limited by improper treatment of the CNT's Wall, 

selection on the resin system and dispersion of CNT in the matrix. These limit the 
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capability of transferring load between filler and the matrix. Therefore, further 

investigation should be conducted to improve the system. This is a promising nanoresin 

for CFRP system in order to improve bending, fracture toughness, electrical and thermal 

properties. 

Clay/epoxy nanocomposites exhibit good thermal and dimensional stability. This 

low cost nanofillers has high elastic modulus and provide enormous surface areas when 

properly distributed in the resins. In this study, it enhanced the mechanical and thermal 

properties of Cycom 977-20. However, limitation in processing time due to the presence 

of hardener during milling limits the degree of dispersion. Hence, TEM micrographs 

revealed the high-density clay nanoplatelets distributed in the matrix. Therefore, further 

improvement in the fabrication process is still required. 
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Appendix A: Mechanical test results of nanomodified-epoxy polymer 
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(i) Tensile test (ii) Flexural te t 
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(i) Cylindrical specimens (ii) Cubic specimens 
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Appendix B: Mechanical test results of CFRP composites 
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Appendix C: Berbinau's Fibre Microbuckling Model [46] 

The fibre microbuckling model was developed by Berbinau et al. [46] based on the 

assumption of fibre acts as an Euler slender column supported by a non-linear matrix. 

Based on the fact that carbon fibres in the 0° UO laminates are not perfectly aligned 

with the loading direction, (up to 5° fibre misalignment; mainly due to the thermal 

mismatch), therefore Berbinau et al. [46] modelled the initial fibre waviness by a sin 

function vo(x) as shown in Figure CIa. 

(a) p (b) y 

2~ 
2-1. 

(i) Initial fib're waviness 

P 
(ii) Deformed fibre 

Figure Cl : (a) A schematic of fibre microbuckling [46] (b) Fre body diagram for a 

fibre element [53]. P = Axial compr iv force, Q = Tran ver e h ar, M = B nding 

moment, p = Applied distributed axial force, q = Appli d di tribut d tran er e fI rc , 

m = Applied distributed b nding m m nt. 

A sin function vo(x) i characteri d by it amplitude Vo and it half-wa I ngth 

A.o a follows: 

( I ) 
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Figure CIa shows when the compressive load is applied the misaligned fibre deform 

into a new sine function v(x) of amplitude V and half-wavelength A.. The function v(x) is 

given by: 

Vex) = VSin( ~) (C2) 

Figure C I b shows a free body diagram of an infinitesimal element of a deformed fibre. 

Assume that a small deflection and the initial fibre axis to be along the x-axis, the 

equilibrium equations can be written [53] as follows: 

dP dO) 
p- dx +Qd;=O (C3) 

q + dQ + P dO) = 0 
dx dx 

L F;ransverse = 0 
(C4) 

dM 
dx -Q+m=O (C5 

where 0) is the slope of the deflected fibre axis. If v is the transverse deflection of the 

fibre therefore 0) = dv . Based on the assumption of fibres buckle in-phase (fibres kink 
dx 

in-phase with one another) and all fibres deform the same way therefore p = q = O. 

Other than that, a constant axial force P is used to reduce the equilibrium conditions for 

the transverse forces and bending moments into the following equilibrium equation: 

d 2M d 2v dm --+p-+-=o 
dx 2 dx 2 dx 

(C6) 

Noting that, d 2(v-vo) M 
dx 2 = EJIJ 

(C7) 

where Eland Ilare the elasticity modulus and the second moment of area of the fibre 

respectively. The compressive load P applied to the fibre is related to the global stress 

Db on the 0°-ply by the following equation: 

PVI (To=-­
AI 
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where Vj is the fibre volume fraction of the composite. The equation of applied 

distributed bending moment m is given by: 

Then 

dm = -A d1'(Y) dy = -A G(y) dy 
dx f dy dx f dx 

Since the shear strain ycan be approximated byy ~ d(v-vo) ,therefore 
dx 

(C9) 

(CIO) 

(CII) 

where Aj is the cross section area of the fibre, G(n is the composite shear modulus in a 

function of the shear strain, l' and y are the composite shear stress and strain, 

respectively. Based on the non-linear behaviour of in-plane shear stress-strain response, 

Jumahat et aI. [7] proposed the equation of elasto-plastic shear modulus as follows: 

(C12) 

where Gt2 is the elastic shear modulus (tangent at 0.1-0.5% shear strain) and G~ is the 

plastic shear modulus (calculate tangent at yield point). "y and "ult are the yield and 

ultimate shear stress, respectively. Substitute Equations (C7), (C8), (CII) and (C12) 

into equation (C6) hence the equation becomes: 

(C13) 
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