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Abstract - The incorporation of multifunctional carbon nanomaterials; graphene nanoplatelets (GNP) and cup-stacked 
carbon nanotubes (CSCNT) into the polymer matrix of conventional carbon fibre reinforced composites as fillers presents 
the potential for mechanical multifunctional improvements such as strength, stiffness and toughness properties without 
disrupting the original in plane mechanical properties. In this research, the graphene, fibre nanotubes, and a combination of 
them were dispersed within a thermosetting resin matrix via combination of mechanical dispersion techniques. These include 
ultra-sonication and ball milling/mixing to achieve homogenous dispersion and high exfoliation of carbon nanomaterials in 
the matrix.The main purpose of mixing both nanofillers together in the matrix is to increase the strength and toughness 
properties of the polymer matrix by availing the synergetic influence between the carbon nanomaterials. Subsequently the 
using an optimum nanofilled matrix in the manufacture of hybrid fibre composites to investigate the effect of the optimized 
nano phase matrix on the mechanical properties of conventional carbon fibre composites. The properties under consideration 
are flexural strength, interlaminar shear strength and Mode I, Mode II interlaminar fracture toughness. Highest 
improvements of the nanocomposites were achieved in flexural strength and flexural modulus after a combination of 2 wt.% 
graphene and 2 wt.% fibre nanotubes by approximately 40% and 61%, respectively. High improvements in the mechanical 
properties of carbon fibre reinforced hybrid nanocomposites were also gained after using the same proportional weight 
content of the combined nanofillers. The flexural strength and flexural modulus were improved by approximately 18% and 
28% respectively. The interlaminar shear strength improved by 37%. The initial (i.e. VIS) and propagation energy values of 
Mode II interlaminar fracture toughness were increased by approximately 155% and 132% respectively. The dispersion 
degree of nanoparticles was evaluated by transmission electron microscopy (TEM). The fracture mechanisms for hybrid 
fibre composites were investigated by scanning electron microscopy (SEM) to show the synergetic associated mechanisms 
of hybrids composites. 
 
Keywords - Graphene, fibre nanotubes, hybrid nanocomposites, hybrid fibre reinforced nanocomposites  
  
I. INTRODUCTION 
 
It is well known that conventional fibre reinforced 
polymer composites consist of two phases: filler 
reinforcements such as glass or carbon fibre, matrix 
such as polymer resins which generally include 
thermoset or thermoplastic resins. This type of fibre 
reinforced polymer composite is widely used in 
structural design of aircrafts and automobiles due to 
lightweight and high mechanical resistance against 
external static loads such as tensile and compressive 
stress or dynamic loads such as fatigue1. In spite of 
the high mechanical properties resistance, fibre 
reinforced polymer composites suffer from weakness 
in their strength and toughness properties during 
exposure to suddenly and hard impact loads. Such 
loads lead to cracks in the structure of fibre 
composites, separation between the filler and the 
matrix at the interface regions and delamination 
failure of laminates composite. Thus, this may cause 
catastrophic damage in the structural design of fibre 
composites2.  
To develop the mechanical resistance properties of 
conventional fibre composites, modern methods have 
been used to address these issues such as use of 
advanced polymer resins, however the drawbacks of 
such materials are costly. Another important and 
practical method is the use of nano-additives (i.e. 

carbon nanomaterials), which has proved its success 
and is still used in promotion of mechanical 
properties of fibre reinforced polymer composites3,4. 
The main purpose of using such nanomaterials as 
additional reinforcement in the matrix is to improve 
the strength and toughness properties of fibre 
composites, because these nanomaterials absorb part 
of the strain energy before its reaching to the pristine 
fibre networks. Thus, this approach would reduce the 
size of damages, hence increase the safety factor5,6,7. 
Extensive previous studies have used the carbon 
nanomaterials for this purpose. In particular there was 
interest in the use of single and multi-walled carbon 
nanotubes in the manufacture of hybrid fibre 
composites over the three past decades 8,9,10.The 
known drawbacks of such types of carbon 
nanomaterials are costly in particular single walled 
carbon nanotubes, and the difficulty of dispersion in 
the matrix 10-13.  
The combination of multi-functional nanomaterials 
were used recently to reduce the high manufacturing 
cost of hybrid fibre polymersreinforced by single or 
multi-walled carbon nanotubes, and to improve the 
mechanical interfacial properties between the filler 
and the matrix via engineering integration and 
synergy of multifunctional nanoparticles within the 
polymer matrix. This behaviour may increase the 
strength and toughness properties of hybrid 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-12, Dec.-2018, http://iraj.in 

Improving the Mechanical Properties of Carbon Fibre Composites Using the Combination of Graphene and Fibre Nanotubes 
 

54 

composites 14-16. In previous studies, the combination 
of graphene and multi-walled carbon nanotubes were 
used in developing superior mechanical properties of 
fibre reinforced polymer nanocomposites. However, 
there was moderate enhancement in mechanical 
properties of hybrid compositesin most of previous 
studies, due to the difficulty of their dispersion 
together into the polymer resins. Therefore,the use of 
additional dispersant are often necessary to improve 
thedispersion degree of carbon nanomaterials 
particularly multi-walled carbon nanotubes in the 
matrix 17,18. Hence, the manufacturing cost of hybrid 
composites is expected to increase. 
The high premium characterization of novel fibre 
nanotubes areexcellent mechanical properties, 
geometric structure, and its ease of dispersion into the 
polymer resins compared to multi-walled carbon 
nanotubes 11,19. These benefits made it one of the 
promising carbon nanomaterials in reinforcing the 
mechanical properties of hybrid fibre reinforced 
polymer nanocomposites 7,20,21. Therefore the 
combination of graphene with cup-stacked carbon 
nanotubes instead of conventional carbon nanotubes 
could be more efficiency in reinforcing the 
mechanical properties of novel hybrid composites, 
which was adopted in the present work. To achieve 
optimum strength and toughness properties of the 
nanocomposites, it requires high exfoliation and 
uniform dispersion of the multifunctional 
nanoparticles in the resin. The modern approach has 
been applied by researchers for this purpose, which 
included use of combined dispersive techniques. 
Therefore, the combination of sonication and ball 
milling were suggested to disperse these carbon 
nanomaterials mechanically in the resin 12,22.  
Two types of known practical techniques which are 
used currently in manufacturing of hybrid fibre 
reinforced polymer composites are the by deposition 
of nanoparticles onto the surface of fibre networks or 
by dispersion of nanoparticles in the polymer matrix  

23. Both techniques have achieved high improvement 
in mechanical properties of hybrid fibre composites 

7,24-27. The possibility of damage in the pristine fibres 
could be reasonable reason to choose the dispersion 
method instead of deposition technique to prepare 
nanofilled matrix 28. Therefore, the impregnation of 
nanocomposite route onto the surface of fibre 
network by hand lay-up method was suggested in the 
present work due to probably its simple principles 
and good efficiency. 
 
II. EXPERIMENTAL WORK 
 
2.1. Materials 
The resin used in this study was (RS-L135 epoxy, and 
RS-H137 hardener), supplied by the PRF composite 
material company in UK. It was chosen because of its 
low viscosity and the ability to achieve a room 
temperature cure. The mixing ratio for the resin and 
hardener is 100:35, whilst the gelling time is 12 hours 

at 25⁰C with a mixed viscosity of 1000 mPa s at 25⁰C. 
Nano-graphene xGnP®-Grade C was supplied by XG 
Sciences, Inc. (Lansing, USA). The average diameter 
was 1-50 µm; the thickness amounted to 20 nm, 
whereas the surface area was 500m2/g. Figure 1 
presents the configuration of the nano-graphene 
xGnP®-Grade C structure. 

 
Figure 1. The geometric structure in nano-scale for graphene 

grade C taken by TEM. 
 
Cup-stacked carbon nanotubes (CSCNT) were 
purchased from CARBERE® (GSI 
CroesCorporation) in Japan. Figure 2 exhibits the 
novel geometric structure of this type of fibre 
nanotubes. The physical properties of the CSCNT as 
supplied by the manufacturer. The diameter size (70-
80nm), length of 5 µm, and specific surface area 
50m2/g. 

 
Figure 2. The geometric structure for CSCNT. 

 
Carbon fibres used for this experimental study were 
Pyrofill TR30S 3L supplied by the Easy Composite 
Company in the UK. The carbon fibre was cloth 
fabric in a 3k plain weave, balanced, bi-directional 
with orientation [0̊,90]̊, continuous and fibre weight 
of 200 gsm with a thickness of 0.3 mm. 
2.2. Preparation of nanocomposites 
Combined sonication and ball milling techniques 
were used to disperse three formulations of 
multifunctional carbon nanomaterials mechanically 
into the epoxy resin; GNP/epoxy, CSCNT/epoxy; 
hybrid GNP-CSCNT/epoxy. The purpose of the 
combination of the dispersion techniques is to 
improve the degree of dispersion of the nanoparticles 
into the epoxy resin 22. The weight content was 
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balanced in each formulation (2.5, 4, 5, 6, 7 wt.%). 
The initial stage included dispensing nanoparticles 
into epoxy resin by means of the ball milling 
technique (FRITSCH, Germany) for 45 min at 400 
rpm. The container consisted of 350 balls each with a 
diameter of 5 mm. Subsequently, the suspension was 
transferred to the ultra-sonication technique 
(Ultrasound Technology, UP200S) to re-disperse it 
for 8 min during the secondary stage. Hardener was 
added to the resin which was mixed together using 
high mechanical stirring for 2 min at 2000 rpm to 
ensure that the mixture blended well. The final 
process involved robust vacuuming to remove the 
bubbles from the blend. Afterwards, the resin blend 
was poured into moulds. Next, two stages of thermal 
curing were performed on the nanocomposite 
specimens: initial curing for 48hr at 26⁰C, followed 
by the post curing stage for 15hr at 50⁰C. The 
specimens were then released from the mould for 
further mechanical strength and toughness tests. 
2.3. Fabrication of hybrid fibre composite 
The critical weight content for three formulations of 
the nanofilled matrix in each nanocomposite was 
used in the fabrication hybrid fibre composites15. 
Three categories of hybrid carbon fibre composites 

were produced using woven carbon fabric, 5wt.% 
GNP, 6wt.% CSCNT and 4wt.% hybrid GNP-
CSCNT. Unmodified fibre reinforced epoxy 
composite was also fabricated as a reference to check 
any enhancements in the mechanical properties of the 
hybrid fibre composites. Hand lay-up technique was 
used in the fabrication of these hybrid fibre 
composites. 
The hybrid laminated composites were fabricated 
utilizing balanced symmetric stacking sequences. The 
weight content of the nanofilled matrix was 
approximately estimated between 37-39 wt.%, in 
each laminated composite. A schematic diagram of 
this fabricating synthesis is illustrated in Figure 2. 
The fabricating stages were undertaken under vacuum 
pressure at the initial curing stage (48hr/26⁰C). The 
laminated composite was released from the vacuum 
bagging and followed post curing (15hr/50⁰C) 
followed as the second stage. The laminated 
composite was subsequently cut into suitable 
dimensions to prepare the specimens to carry out 
interlaminar shear strength and interlaminar fracture 
toughness (Mode II) measurements.  
 

Figure 3. Manufacturing of hybrid carbon fibre composite modified and unmodified with nanofillers and experimental setup for 
vacuum curing: 1: glass plate (base); 2: peel ply; 3: spacers; 4: carbon fibre fabric; 5: peel ply; 6: steel plate; 7: breather materials; 

8: vacuum bag film; 9: valve; 10: sealant tape. 
 
2.4. Flexural testing of nanocomposite 
Three-point bend tests were conducted using a 
Shimadzu Universal Test Machine. The geometric 
dimensions of the specimens tested were length of 
88mm, width 20mm and a thickness of 5mm. The 
maximum flexural strength, flexural modulus and 
maximum strain were calculated according to ASTM 
D790 standard. All tests were performed at a constant 
cross head speed of 2mm/min and room temperature. 
The average stress properties were recorded for each 
type of specimens. 
2.5. Fracture toughness testing of nanocomposite 
Single-edge-notched bending specimens were 
prepared according to ASTM D5045 standard. Figure 
4 illustrates the configuration of SENB specimen test 
with standard dimensions. First a notch was created 
using sawing cutter machine of approximately 4mm 
depth, the initial crack tip was created by a sharp 
razor blade throughout the notch root. The pre-

cracked length ɑ in the specimens was measured by 
using an optical microscope with a 5x objective lens 
to determine the actual initial crack length. It was 
found to range from 4.6mm to 4.9mm. 

 
Figure 4. Configuration of SENB specimen. 

 
The bending load was applied with a rate of 1 
mm/min test speed. The value of critical stress-
intensity factor,K  (plane strain fracture toughness) 
was calculated by applying the following Equation 1, 
and the average value was taken for the specimens. 
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K =
P

hW / f(x)                                                      (1 
Where P is the maximum load, W is the depth of 
specimen,h is the thickness of specimen, ɑ is the 
crack length and x is the ratio (ɑ/W) which can be 
calculated by Equation 2. 
f(x)

= 6x / [1.99− x(1 − x)(2.15− 3.93x + 2.7x )]
(1 + 2x)(1 − x) / (2 

 
2.6. Interlaminar shear strength testing of 
laminate composites  
Short beam specimens (SBS) were prepared into 
standard dimensions with lengths of 20mm, widths of 
10mm and thickness of 2mm, (The European 
Standard EN ISO 14130: 1997). The tests were 
performed using the three point bend flexure test at a 
cross head speed of 1mm/min. The maximum load 
was recorded and the interlaminar shear strength 
(ILSS) was calculated by applying the following 
Equation 3. The specimens were tested at room 
temperature and the average value was recorded. 
τ

=
3 P
4 bh

                                                                           (3 
Where, P  is the maximum force,  b is the width of 
the specimen and his a thickness. 
 
2.7. Interlaminar fracture toughness testing of 
laminate composites (Mode II) 
The most common method used to measure the value 
of GII fracture toughness energy Mode II is three end 
notched flexure test (3ENF). The 3ENF test samples 
were rectangular in geometric shape, 178 mm (in 
length), 25mm (in width), and 4mm (in thickness). 
Both sides of the 3ENF samples were painted using a 
white paint and marked form the end of film insert 
every 1mm up to 100mm. The span between the two 
support rollers is 100mm, and an initial crack length 
of 37mm. The values of initial and propagation 
fracture energy in Mode II were calculated in 

accordance with direct beam theory (DBT) using the 
Equation 4,7,29. 
 

G

=
9Pa δ

2b(2L + 3a )                                                        (4 

Where P is the bending force, a is the crack length, δ 
is the deflection, b is the width of sample, and  L is 
the half span of simply supported sample. 
The initial values were estimated by three different 
techniques; optical vision at the onset crack (VIS), 
nonlinear point (NL) which could be recognised on 
the deflection curve (deviation of linearity). Whereas, 
5%/MAX offset of this value was calculated by 
determining the intersection point of the line 
compliance (initial compliance (Co) + 5%) with the 
load-deflection curve. In case this value exceeded the 
maximum load, this maximum load should be taken 
to calculate it. 
 
III. RESULTS AND DISCUSSION 
 
3.1.Microstructural details of the optimum 
nanocomposites 
In spite of the TEM image of the GNP/epoxy 
nanocomposites at critical weight concentration shows 
optimum uniform dispersion and high exfoliation of 
the graphene nanopaltelets in the epoxy resin, some 
defects such as wrinkled nanosheets are still present in 
the matrix as shown in Figure 5a. 
The TEMs image of CSCNT/epoxy nanocomposite 
shows high exfoliation of the fibre nanotubes and 
uniform distribution in the epoxy resin as shown in 
Figure 5b. 
The TEM image shows optimum dispersion of the 
hybrid nanofillers (GNP-CSCNT), high exfoliation, 
and homogenous distribution in the epoxy resin as 
shown in Figure 5c. In contrast there were still some 
wrinkled nanosheets in the matrix.  
 

Figure 5. TEM images show the dispersion degree of carbon nanomaterials in the matrix: a) GNP/epoxy nanocomposites, b) 
CSCNT/epoxy nanocomposites, c) hybrid GNP-CSCNT/epoxy nanocomposites. 
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Based on this fractographic evidence, using the 
combined techniques could improve the dispersion 
degree of the multifunctional carbon nanomaterials, 
and obtain high exfoliation of the nanofillers in the 
matrix. 
 
3.2. Flexural properties of nanocomposites 
Figure 6a distinguishes the comparison in flexural 
stress regarding the GNP/epoxy nanocomposite with 
various weight contents. Furthermore, it is illustrated 
that there is a rough improvement in flexural stress, 
and moreover, that the critical increase was 
approximately 17% at a weight concentration of 5 wt. 
%. In contrast, Figure 6b reveals that there is a rough 
increase in flexural modulus at the same loading 
levels by approximately 11%. This enhancements 
was compatible with previous studies 30,31. 

The maximum flexural stress and modulus increase 
dramatically when the contents loading is less than 7 
wt. % in CSCNT/epoxy nanocomposites, as shown in 
Figures 6a and 6b. Subsequently, the flexural 
properties start to significantly drop in level of 
increase, which is expected due to the increase in 
loading levels. The best improvements in maximum 
stress and elastic were approximately 29% and 32% 
respectively at 6 wt. %. This improvements was 
compatible with previous researches 32,33 

The novel hybrid GNP-CSCNT/epoxy nanocomposite 
shows significant increase in flexural properties. It can 
be observed that the combined nanoparticles in the 
epoxy composite produce a high rise in flexural 
properties at low loading levels, as shown in Figures 
6a and 6b. This increase was compatible with previous 
study 15. 
The critical increase in both flexural stress and 
modulus was approximately 40% and 61% 
respectively at a 4 wt. % weight concentration in 
relation to the combined nanoparticles. Afterwards, 
these properties gradually drop, although their drop 
remains positive at high weight contents (i.e. 7 wt.%). 
This increase in flexural strength properties after 
combination of the nanoparticles shows that high 
uniform dispersion increases the synergy property of 
the graphene and fibre nanotube in the epoxy resin, 
which significantly contributes to increase the 
mechanical properties of the hybrid nanocomposites 
34. 

 

 
Figure 6. Comparison and evaluation of the optimised matrix 
in the nanocomposites at different weight concentrations: a) 

Maximum flexural strength, b) Flexural modulus. 
 
3.3.Fracture toughness property of the optimum 
nanocomposites 
The purpose of this fracture toughness measurements 
is to check the fracture strength of the nanofilled 
matrix in each nanocomposite processed by the 
combined techniques at optimum weight 
concentration. 
The mechanical fracture toughness criterion for 
fractured material based on work of Griffith and 
Irwin 35,36is that the fracture mechanism happens 
when there is sufficient work energy for crack 
extension at the instant of loading. The stresses 
concentration criteria at the crack tip relevant to the 
subjected stress is determined by the critical stress 
intensity factor (KIC) and is periodically called the 
fracture strength.  
Figure 7 shows the typical force-deflection curves for 
SENB testing for each sample at optimum weight 
concentration. Table 1 shows the statements which 
derived by this curves.  

 
Figure 7. Typical force-deflection curves as a function of 

optimum nanofillers content in each nanocomposite. 
 

Table 1. The fracture toughness (KIC) as a function of 
optimum nanofillerweight content. 
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The critical stress intensity factor KIC was calculated 
by using the maximum force. The comparison of KIC 
values among the three nanocomposites are plotted in 
Figure 8.  

 
Figure 8. The fracture toughness of epoxy composite as a 

function of GNP, CSCNT, and hybrid GNP-CSCNT content. 
It illustrates that KIC, increased significantly with the 
addition of GNP, CSCNT, hybrid GNP-CSCNT at 
critical weight concentration. These improvements 
were compatible with previous reported studies37-42.  
 
Due to the difference in nanoscale size for graphene 
nanoplatelets and fibre nanotubes, each onehas a 
different aspect ratio. Hence, this property could 
affect the path of crack tip and amount of energy 
absorption in each nanocomposite. Consequently, 
when extending, the crack encounters rigid 
nanosheets or nanotubes, particularly with optimum 
strengthened and toughened matrix. The larger crack 

propagation should lilt or deviate in larger angles in 
order to cross the nanosheets or nanotubes. In 
addition, crack deflection results in greater fracture 
surface regions then those generated by undeflected 
regions. The amount of released energy is a function 
of the fracture regions in the composite. Therefore, 
surface roughness is one of the characteristics which 
can be considered as assessment of the plastic regions 
of the fractured areas in each nanocomposite. 
Therefore, addition of nanoparticles to the polymer 
could increase the surface roughness, hence this leads 
to improve the weak zones in the composite 22,41 

 

The SEM images of the fracture surface of the three 
nanocomposites at optimum weight concentration, 
within a cross-sectional area close to the crack head 
(see Figure 9). The SEM images show evidence of 
some nanosheet and nanotubes that have been pulled-
out of the side of the fractured area. This behaviour 
may suggest that those of nanosheets or fibre 
nanotubes bridged the crack regions under opening 
mode system fracture toughness. The zigzag 
curvatures on the fracture surfaces in the three 
nanocomposites could also provide additional 
resistance in reverse of the mechanical forces such as 
pull-out forces. This mechanical behaviour is named 
mechanical lock, generated by the physical restriction 
of a unique graphene or fibre nanotube by the 
surrounding strengthening matrix41.

 

Figure 9. SEM images show the fracture surface morphology for each nanocomposites at critical weight concentration compared 
with pure epoxy composite: a) Pure epoxy, b) GNP /epoxy nanocomposite, c) CSCNT/epoxy nanocomposite, d) hybrid GNP-

CSCNT/epoxy nanocomposite. 
 
On the other hand, these mechanical forces in fibre 
nanotubes reinforced nanocomposite maybe have 
high efficiency to resistance and absorb the fracture 
energy in nanocomposite than that of nanosheet. This 
is probably due to the high characteristics of the 
geometric structure of fibre nanotubes compared with 

graphene nanoplatelets which have weak structure. 
Therefore, this explanation may be convinced to 
analyse one of the reasons which led to high 
difference in the values of the fracture energy in fibre 
nanotubes reinforced epoxy nanocomposites in 
comparison with graphene reinforced nanocomposite.  
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Extra fracture mechanisms such as bi-furcation and 
pinning of crack tip in nanocomposites could be the 
other important reason of the improvement in the 
fracture strength in hybrid nanocomposites. In 
addition, existence of graphene with fibre nanotubes 
together in the matrix contributes to increasing their 
contact areas in the hybrid nanocomposite, interfacial 
friction energy, and corrugation mechanism which 
may promote the fracture toughness property6,15. 
Moreover, the orientation of the nanofillers could be 
another evidence which may have an effect on the 
level of the increase in fracture energy of the 
nanocomposites43. Furthermore, the different grades 
of graphene and fibre nanotubes in terms of 
morphological properties (i.e. nanoscale, geometric 
structure), mechanical properties (i.e. strength, 
stiffness), and their manufacturing processes could 
have influence on the level of interfacial shear forces 
increase. Hence this leads to change the amount of 
the released energy and resistance in each 
nanocomposite39,42,44. 
Further, the combination of graphene and fibre 
nanotubes could increase the pull-out forces resulting 
from synergetic influence between the nanosheets and 
nanotubes16. This behaviour may demonstrate the 
reason of optimal increase in fracture energy in 
hybrid reinforced nanocomposite in comparison with 
graphene reinforced nanocomposites.  

3.4.Microstructural details of shear failure in SBS 
To explain the morphologies and bonding quality of 
the synthesised hybrid laminated composites, 
particularly the interfacial bonding and fracture 
mechanism systems, a cross-section of the fractured 
area views was assessed using SEM as shown in 
Figure10. The images reveal that massive cracks were 
evident in the matrix film at the regions of failure after 
applying the bending load on the specimens of carbon 
fibre epoxy composite unmodified by nanofillers. 
 
The reason for these microstructural cracks is the low 
resistance of the unmodified carbon composite, 
smooth surface and the weak adhesion between the 
carbon fibre filaments and the epoxy matrix. 
Conversely, the lack of these cracks in the modified 
matrix of hybrid composites indicates the high 
strength and toughness of the modified matrix, surface 
roughness of the nanofilled matrix, which reinforces 
the adhesion between the nanofilled matrix and carbon 
fibre45-47.  
 
The optimum extent of dispersion for nanomaterials 
improves the adhesion between the matrix and fiber 
networks. Furthermore, the improvement in 
mechanical interfacial properties is probably attributed 
to the high interlocking of fillers, enhancing the loads 
transfer between the fibre and matrix45. 

Figure 10. The SEM images show the fracture surface morphology of hybrid carbon fibre epoxy composite modified and 
unmodified composite at the failure regions for shear beam samples: a) CF/epoxy composite unmodified, b) GNP/CF/epoxy 

nanocomposite, (c) CSCNT/CF/epoxy nanocomposite, d) hybrid GNP-CSCNT/CF/epoxy nanocomposite. 
 
3.5.Interlaminar shear strength properties of SBS 
The influence of the addition of graphene 
nanoplatelets, fibre nanotube and the combination of 
them on the interlaminarshear force of the carbon fibre 
reinforced epoxy composites is shown in Figure 11. 
Table 2 shows the summary of SBS tests results.  
 

 
Figure 11. Typical force-deflection curves for SBS of the 

hybrid fibre composites at optimum weight concentration of 
the nanofilled matrix. 
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Table 2. The interlaminar shear strength (ILSS) of hybrid fibre 
composites measured by short beam shear. 

Sample Weight  
(wt.%) 

ILSS 
(MPa) 

Incr. 
(%) 

CF/epoxy 
composite 0 28.5±2.0   00.0 

GNP/CF/epoxy 
nanocomposite 5 37.4±0.9 +31.2 

CSCNT/CF/epoxy 
nanocomposite 6 39.2±0.6 +37.5 

Hybrid GNP-
CSCNT/CF/epoxy 
nanocomposite 

4 39.0±1.7 +36.8 

 
A comparison of the interlaminar shear strength 
(ILSS) of three types of hybrid carbon fibre epoxy 
composites modified with optimum nanofilled matrix 
is revealed in Figure 12.  

 
Figure 12. Comparison among three hybrid carbon fibre epoxy 
composites modified with optimum weight concentration of the 

nanofilled matrix. 

The experimental results demonstrate that there is an 
optimum weight content resulting in a maximum 
increase in shear strength of approximately 31% in 
GNP/CF/epoxy nanocomposite, 38% in 
CSCNT/CF/epoxy nanocomposite, and 37% after 
impregnation of the hybrid nanofillers (GNP and 
CSCNT) onto the surface of carbon fibre network. 
Therefore, the addition of such nanofillers had 
improved the mechanical interfacial properties 
between the fibre network and the matrix. These 
enhancements show with previously reported 
experimental studies that the addition of carbon 
nanomaterials could significantly increase the 
interlaminar shear strength properties of the fibre 
composites7,22,24,26,47,48. 
The reasons for the increase in the interlaminar shear 
strength are probably due to the good strength and 
toughness properties of the modified matrix, which 
induce the adhesion between the fibre networks and 
the nanophase matrix. In addition, the hybridization of 
graphene nanoplatelets and fibre nanotubes enhances 
their synergy in the epoxy matrix which may cause to 
increase the strength properties and toughness of the 
interface areas surrounding the fibre networks 
14,16,37,47,49. Furthermore, the SEM image in Figure 13 
shows the fracture mechanism of the carbon fibre 
modified with combined nanofillers such as pull-out, 
pinning/bifurcation and fracture nanofillers at 
interlaminar regions, which reflect the percentage of 
increase in the shear strength property6,38,50. 

 

Figure 13. SEM image shows the fracture mechanisms systems into the hybrid GNP-CSCNT nanofilled matrix. 
 
Furthermore, the hybrid nanofillers exhibit a 
significant increase in shear strength properties of 
carbon fibre composite at the lowest load level content 
(i.e. 4wt. %) compared with GNP/CF/epoxy 
nanocomposite at 5wt.%, and CSCNT/CF/epoxy 

nanocomposite at 6wt.%. This indicates that the 
hybrid nanofillers have a significant effect on the 
mechanical properties of the carbon fibre composites. 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-12, Dec.-2018, http://iraj.in 

Improving the Mechanical Properties of Carbon Fibre Composites Using the Combination of Graphene and Fibre Nanotubes 
 

61 

3.6. Mode II initial and propagation fracture 
toughness energy 

 
Figure 14. Typical R-curves of hybrid carbon fibre composites 

and control fiber composite. 
 
The influence of the addition of optimum nanofilled 
matrix on Mode II interlaminar fracture toughness for 
hybrid fibre composites is shown in typical resistance 
curves (R-curves) as observed in Figure 14. These 

curves demonstrate stable crack growth. Most of the 
resistance curves are nearly level however the 
resistance curves for the CF/epoxy composite 
unmodified and hybrid GNP-CSCNT/CF/epoxy 
nanocomposite continuously increased over the 
delamination crack.  
 
The initial fracture toughness energy and the average 
propagation toughness energy were measured from 
the 3ENF tests as shown in Table 3. The statements 
in this table also shows the comparison and 
assessments of three values of the initial fracture 
toughness which were measured by applying three 
techniques (i.e. VIS, NL, 5%/MAX), and the average 
fracture toughness energy for the three hybrid fibre 
composites and the control fibre composite. The three 
types show significant increase in Mode II 
interlaminar fracture toughness energy. 
Comparatively, this increase is compatible with 
previous research6,21,26,51. 

 
Table 3. The experimental results of Mode II interlaminar fracture toughness energy. 

 
Figure 15 shows the evaluation of initial and 
propagation fracture energy for the three hybrid fibre 
composites in compare with unmodified carbon fibre 
composite. The highest increase regarding initial 
(i.e.VIS) and propagation toughness energy was 
accomplished after impregnation of fibre nanotubes 
nanofilled matrix onto fibre networks by 
approximately (179%), (151%) respectively, with 
excellent increase in both properties after the 
combination of graphene and fibre nanotubes by 
approximately (155%), (132%). 
Addition of graphene nanofilled matrix to the fibre 
reinforced composite shows less enhancement 
compared with the two other types; 
CSCNT/CF/epoxy nanocomposites, and Hybrid 
GNP-CSCNT/CF/epoxy nanocomposite. These 
improvements were by approximately 33% in initial 
fracture energy (i.e.VIS) and 84% in propagation 
fracture energy. 

 
Figure 15. The comparison of initial and propagation 
fracture toughness energy among the hybrid fibre 
composites. 
The addition of fiber nanotubes to the epoxy matrix 
enhances the performance of fiber composites, which 
shows its superiority in comparison to other carbon 
nanomaterials. Furthermore, there was high increase 
in the toughness property after the combination of 
fiber nanotubes and graphene which was greater than 
that of carbon fibre reinforced by graphene 
nanoplateletsonly. This shows that mixing the fiber 
nanotubes with graphene together shows good 
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functionality to promote the mechanical properties of 
fibre composites through their positive synergetic 
property in the matrix. 
However, the SEM in Figure 16 demonstrates the 
hybrid failure mechanism systems in fracture area of 
hybrid GNP-CSCNT/CF/epoxy nanocomposites, 
which are responsible for the significant increase in 
fracture toughness energy involve pinning of crack 
and bi-furcation, bridging and pull-out of fillers, 
debonding shear. The image clearly shows the 
existence of both carbon nanomaterials within the 
polymer matrix. Furthermore, multiple types of 
fracture mechanisms are detected on the surface 
morphology which illustrate the synergetic influence 
of graphene and fibre nanotubes. More precisely, the 
bi-furcation mechanism was seen in the fractured 
area. Additionally, the existence of fibre nanotubes in 
the resin resist the extension of crack whilst the 
graphene nanoplatelets prevent the creation of huge 
cracks as much as possible. Hence, under their 
combination, the fracture toughness energy of hybrid 
composites is improved. 

 
Figure 16. The SEM image showing the hybrid failure 

mechanisms [1000x]. 
 
CONCLUSIONS 
 
Hybrid polymer composites containing graphene 
nanoplatelets and fibre nanotubes in a thermosetting 
resin system have been promoted in this study. The 
dispersion processes for the carbon nanomaterials in 
the matrix were accomplished successfully by using 
the combined dispersive techniques. The strength, 
stiffness and toughness properties have improved in 
the hybrid GNP-CSCNT nanocomposites and non-
hybrids GNP or CSCNT nanocomposites. Whilst, the 
hybrid nanocomposites showed the highest 
improvement in flexural strength and flexural 
modulus by approximately 40% and 61% 
respectively. This significant influence shows the 
significant synergetic behaviour resulting from the 
combination of graphene and fibre nanotubes within 
the matrix. 
Mixing the fibre nanotubes with graphene 
nanoplatelets in the matrix together contributes to 
improving the mechanical interfacial properties, 
hence this led to high improvement in interlaminar 
shear strength of hybrid carbon fibre composites by 

of 37% and in initial (i.e.VIS) and propagation 
fracture toughness energy of Mode II by of 155% and 
132% respectively. These improvements were better 
in comparison to individual graphene reinforced 
carbon fibre polymer composites.  The synergetic 
influence of hybrid nanofillers within the matrix led 
to the introduction of further strength/toughening 
mechanisms such as the combination of the fracture 
mechanism systems precisely; pull-out and bridging 
of nanofillers, bi-furcation mechanisms and pinning 
of crack tip which are responsible for the enhanced 
the interlaminar shear and fracture toughness 
properties of the hybrid carbon fibre composites.    
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