












































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 8 Conclusions and suggestions for future work

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 (CAI) 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 of nanosilica 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 (1000GPa)
and strength (11-200GPa) [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 polymers
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Figure A1: True stress-strain response of cylindrical and cubic specimens loaded in
compression for three different systems; (a) 5 wt%, (b) 13 wt% and (c) 25 wt%

nanosilica-filled Epikote 828. Five specimens were tested for each system.
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(i) Tensile test

(ii) Flexural test
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Figure A2: Tensile and flexural stress-strain response of (a) S wt%, (b) 13 wt% and (c)

25 wt% nanosilica-filled Epikote 828. Five specimens were tested for each system.
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Figure A3: Load-displacement curves of compact-tension specimens loaded in tension
for three different systems: (a) 5 wt%, (b) 13 wt% and (c¢) 25 wt% nanosilica-filled

Epikote 828 for the measurement of fracture toughness.
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(i) Cylindrical specimens

(ii) Cubic specimens
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Figure A4: True stress-strain response of cylindrical and cubic specimens loaded in

compression for two different systems: (a) 0.5 wt% and (b) 1 wt% multiwalled CNT-

filled Epikote 828. Five specimens were tested for each system.
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(i) Tensile test (ii) Flexural test
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Figure AS5: Tensile and flexural stress-strain response of (a) 0.5 wt% and (b) 1 wt%

multiwalled CNT-filled Epikote 828. Five specimens were tested for each system.
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Figure A6: Load-displacement curves of compact-tension specimens loaded in tension
for two different systems; (a) 0.5 wt% and (b) 1 wt% multiwalled CNT-filled Epikote

828 for the measurement of fracture toughness.
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(i) Cylindrical specimens (ii) Cubic specimens
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Figure A7: True stress-strain response of cylindrical and cubic specimens loaded in
compression for three different systems; (a) 1 wt%, (b) 3 wt% and (¢) 5 wt% 1.28

nanoclay-filled Epikote 828. Five specimens were tested for each system.
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(i) Tensile test

(i1) Flexural test
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Figure A8: Tensile and flexural stress-strain response of (a) 1 wt%, (b) 3 wt% and (c) 5

wit% 1.28 nanoclay-filled Epikote 828. Five specimens were tested for each system.
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Figure A9: Load-displacement curves of compact-tension specimens loaded in tension
for three different systems; (a) 1 wt%, (b) 3 wt% and (c) 5 wt% 1.28 nanoclay-filled

Epikote 828 for the measurement of fracture toughness.
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(1) Three roll mill (ii) Mechanical stirring
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Figure A10: True stress-strain response of cylindrical specimens prepared using two

different methods, (i) 3-roll mill and (ii) mechanical stirring, loaded in compression for

three different systems (a) 1 wt%, (b) 3 wi% and (¢) 5 wt% 1.30 nanoclay/977-20.
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Figure A11: True stress-strain response of cubic specimens loaded in compression for
three different systems (a) 1 wt%, (b) 3 wt% and (c) 5 wt% .30 nanoclay-filled Cycom
977-20
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(i) Three roll mill (ii) Mechanical stirring
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Figure A12: Tensile stress-strain response of (a) 1 wi%, (b) 3 wt% and (¢) 5 wt% .30
nanoclay-filled Cycom 977-20 which were prepared using two different methods; (i) 3-

roll mill and (ii) mechanical stirring.
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(i) Three roll mill (ii) Mechanical stirring
180
180
160
(@) 160 |
§ 140 § 140 -
S 120 2 120
2 ]
% 100 E 100
g a0 S 8 — Data 1
2 4 —Data 1 T 60 — Data2
n —Data2 —Data3
40 —0ah3 o — Data4
—Data 4
20 -
20 —Data 5 Data 5
0 , 0 ‘
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Flexural strain (%) Flexural strain (%)
el 180
®) e 160
& .. = 140
< 120 <
o <= 120
4 a ‘
5 041 £ 100
T 80 o
2 —Data 1 "i-' 80 —Data 1
T 60 — Data 2 2 60 -l
40 —Data 3 40 —Data 3
——Data 4 — Data 4
0 —Data5 20 —Data5
0 ' 0
0o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
Flexural strain (%) Flexural strain (%)
180 -
(c) 160 - 188
g b @ 140
- e € 120
2 ol 2
£ 100 £ 100
T g .
F: ’ Data 1 5 8 —Duta 1
p—— >
i B8 — Data2 @ 60 - g’: ;
40 —Data 3 ==
‘ — Data 4 o —— Data4
20 —Data5 20 —Data 5
0 0
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Flexural strain (%) Flexural strain (%)

Figure A13: Flexural stress-strain response of (a) 1 wt%, (b) 3 wt% and (¢) 5 wt% 1.30
nanoclay-filled Cycom 977-20 which were prepared using two different methods; (i) 3-

roll mill and (ii) mechanical stirring.
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(1) Three roll mill (ii) Mechanical stirring
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Figure A14: Load-displacement curves of SENB specimens loaded in 3-point bending
for three different systems; (a) 1 wt%, (b) 3 wt% and (c) 5 wt% 1.30 nanoclay-filled

Cycom 977-20 which were prepared using (i) 3-roll mill and (ii) mechanical stirring.




Appendix B: Mechanical test results of CFRP composites
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Figure B1: Compressive stress-strain response of (a) HTS40/828 CFRP composite and
its nanomodified system with three different nanosilica contents: (b) 3 vol%, (¢) 7 vol%

and (d) 13 vol%.
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Figure B2: Compressive stress-strain response of HTS40/977-2 CFRP composite which

was fabricated using Autoclave.
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Figure B3: In plane shear stress-strain response of (a) HTS40/828 CFRP composite and

its nanomodified system with three different nanosilica contents: (b) 3 vol%, (¢) 7 vol%

and (d) 13 vol%.
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Figure B4: In-plane shear stress-strain response of HTS40/977-2 CFRP composite with

two different gauge lengths: (a) 50 mm and (b) 100 mm.
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Appendix C: Berbinau’s Fibre Microbuckling Model [46]

The fibre microbuckling model was developed by Berbinau er 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° UD 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 vy(x) as shown in Figure Cla.

(i) Initial fibre waviness

(ii) Deformed fibre

Figure C1: (a) A schematic of fibre microbuckling [46] (b) Free body diagram for a
fibre element [53]. P = Axial compressive force, Q = Transverse shear, M = Bending
moment, p = Applied distributed axial force, ¢ = Applied distributed transverse force,

m = Applied distributed bending moment.

A sine function vy(x) is characterised by its amplitude ¥V and its half-wavelength

Ap as follows:

V()(x) = l”() Qm[—?) ((‘ 1)

0
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Figure Cla shows when the compressive load is applied the misaligned fibre deform
into a new sine function w(x) of amplitude ¥ and half-wavelength A. The function v(x) is
given by:

y(x) = Vsin(if;—) (C2)

Figure C1b 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:

ZFaxiai=0 __4_}: ia_)_..
p dx+de =0 (C3)
ZF;ransverse=0 _fd_Q__ _@_
q+ e +de =0 (C4)
M=0 aM
Z —E-—Q+m=0 (CS

where o is the slope of the deflected fibre axis. If v is the transverse deflection of the
fibre therefore @ = g—:— Based on the assumption of fibres buckle in-phase (fibres kink

in-phase with one another) and all fibres deform the same way therefore p = g = 0.
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*M szv dm_0
A (ce)
Noting that, d*(v-v,) M
' E €7

where Erand Irare 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
op on the 0%ply by the following equation:
Y

%= (C8)
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where V; is the fibre volume fraction of the composite. The equation of applied
distributed bending moment m is given by:

m=—-A,7(y) (C9)
Then
% =-4, d:,(y)% =-4,G(y ) (C10)
Since the shear strain y can be approximated by y ~ _‘i(%éﬂ)l , therefore
4Gy %) (1)

dx dx’

where 4y is the cross section area of the fibre, G(») is the composite shear modulus in a
function of the shear strain, r 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 al. [7] proposed the equation of elasto-plastic shear modulus as follows:

G ¥4
GZ(») =G, exc{ 127 ]+G,z ex x{ i174 ] (C12)
ry 7ulr - Ty

where G, 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). 7, and z,, are the yield and
ultimate shear stress, respectively. Substitute Equations (C7), (C8), (C11) and (C12)

into equation (C6) hence the equation becomes:

d*(v- A0, d? d*(v-v
(V v0)+ f~0 v—A,G’,’{’() ( 0) 0 (C13)

E, I
rr dx4 Vj ¢2 a
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