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Abstract. Advanced materials such as continuous fibre-reinforced polymer matrix composites offer signifi-
cant enhancements in variety of properties, as compared to their bulk, monolithic counterparts. These pro-
perties include primarily the tensile stress, flexural stress and fracture parameters. However, till date, there
are hardly any scientific studies reported on carbon fibre (C;) and carbon nanotube (CNT) reinforced hybrid
epoxy matrix composites (unidirectional). The present work is an attempt to bring out the flexural strength
properties along with a detailed investigation in the synthesis of reinforced hybrid composite. In this
present study, the importance of alignment of fibre is comprehensively evaluated and reported. The results
obtained are discussed in terms of material characteristics, microstructure and mode of failure under
flexural (3-point bend) loading. The study reveals the material exhibiting exceptionally high strength values
and declaring itself as a material with high strength to weight ratio when compared to other competing
polymer matrix composites (PMCs); as a novel structural material for aeronautical and aerospace applica-

tions.
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1. Introduction

Advanced materials have assumed significant technologi-
cal importance in applications areas such as structural
materials in recent years due to the demand for efficient
working and enhanced mechanical properties. Among
several ways to achieve the above mentioned properties,
processing of material based on fibre reinforcements has
been the most effective (John and Karl 1982; Herrera and
Valadez 2004). These properties include high strength to
weight ratio, fracture toughness properties, electrical
properties, etc that influence the efficiency of any work-
ing component. Among the newer structural composites
developed, much significance has been given to the PMCs
from the last few decades owing to their excellent spe-
cific strength and specific modulus properties. PMCs
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such as epoxy matrix hybrid composite with dual rein-
forcement of carbon fibres and CNT manufactured via
hand lay up (HLU) technique (unidirectional) was seen to
increase the overall fracture toughness and strength
parameters when compared to other trending structural
composites (Eswara Prasad et al 2004; Chandra Shekar et
al 2013).

Flexural strength is one of the most widely used
properties in characterizing the mechanical behaviour of
composites. Standard test methods are adopted for the
property evaluation of composite materials as specified
by ASTM at ambient temperatures. Most of the testing
conducted and the tests reported in this paper are accord-
ing to the standard procedures. In the present study,
flexural behaviour of the unidirectional C; and
CNT reinforced, epoxy matrix hybrid composite is evalu-
ated in detail in order to determine the influence of
directionality of fibres. The results obtained are rational-
ized based on materials’ characteristics and mode of
failure.
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2. Experimental

2.1 Materials

Diglycidyl ether of bisphenol-A (DGEBA) epoxy resin
and diethyl toluene diamene (DETDA) hardener were
used as matrix system. T-700 carbon fiber tows with
ultimate tensile strength of 4800 MPa and amino func-
tionalized multi walled carbon nanotubes (20-30 nm
diameter and lengths of 2—4 um) were used as reinforcing
materials. The synthesis was via conventional hand lay
up technique (Timothy Gutowski et al 1994).

2.2 Material processing

Initially, epoxy resin diglycidyl ether of bisphenol-A
(DGEBA) was the precursor material for base matrix.
Amino functionalized multi walled carbon nanotubes
were taken in a proportion of 0-5 wt.% epoxy mixture.
Proportional amount (i.e. 24 wt.% of the epoxy resin) of
diethyl toluene diamine (DETDA) hardener (industrial
designation — LY5200) was mixed to the above epoxy
mixture. Dispersion of CNTs was ensured by sonication
with a probe type sonicator (Mesonix-3000, USA) for
45 min followed by planetary ball milling (Insmart sys-
tems, India) for 3 h at 250 rpm.

The carbon fibres (6 um diameter) 3000 filaments in
number constituting a single ‘tow’ and several of such
tows were used for winding. Traditional hand lay-up
technique was employed with alternative layers of matrix
mixture (epoxy and CNTs) and carbon fibers. A hardened
steel plate (200 x 150 mm) served as the base for the
winding of the carbon fibres and application of the resin
mixture. The steel plate was covered with a layer of
TEFLON in order to facilitate the easy removal of the
component after the densification and also to prevent the
densification of the fibers along the steel plate. A coating
of this mixture was applied to the TEFLON on the steel
plate. Winding of fibers was carried out on the TEFLON
layer. The fibers were wound over the plate with overlap-
ping layers, leaving no air gaps between the strands.
After every single layer covering of the fiber strands, a
thorough layer of resin mixture was applied on it with the
help of a paint brush. The procedure was repeated until
the desired thickness of 3-4 mm was obtained. Additional
resin was applied wherever required to cover the fiber
winding. Hand pressure was used to make sure the resin
saturated and fully wetted all layers, and any air pockets
were removed. The excess of resin mixture was drained
out of fibers and resin system by applying pressure on
steel plate support blocks and tightened with screw. The
whole set up was left aside for 12 h to allow the excess
resin mixture to drain out completely. The synthesis
process concluded by the curing process given in three
heat treatment cycles in a muffle furnace is shown above
in figure 1.
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2.3 Flexural testing

Specimens of rectangular cross section with an approxi-
mate width of 10 mm, thickness of 3-4 mm and length of
75 mm (with an included span length equivalent to 16
times the thickness (54 mm here)) were used to determine
the flexural properties of the hybrid composite material.
This procedure was followed as specified by the ASTM
standard D790.

Flexural tests were conducted at ambient temperatures
on a computer controlled Instron UTM machine (5600 R)
using * 50 kN load cell and a ramp rate of 2 mm/min in
the laboratory air atmosphere. All the tests were conducted
under 3-point bend loading. The variation of specimen
displacement (from the ramp position) and the load
values were dynamically recorded in order to obtain the
flexural stress—strain data at ambient temperature, which
was used to determine the flexural strength properties.

3. Results and discussion
3.1 Microstructure

The arrangement of carbon fibres was observed using a
scanning electron microscope (SEM) of 20 kV (the com-
posite did not respond to microscopes with voltage capa-
city lower than 20 kV). The carbon fibres were found to
be continuous throughout the matrix aligned unidirec-
tionally, with high volume fraction of fibres. The CNTs
were not visible due to the lower resolution. The average
diameter of the carbon fibre was 6 um (figure 2(a)).
Fibres were physically distinguishable and were not found
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Figure 1. Heat treatment cycle for curing of composite.
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Figure 2. SEM micrographs of carbon fibres in hybrid composite: (a) single carbon fibre and (b) carbon

fibre bundles.
Table 1. Physical properties of hybrid composite.
SI. No. Physical property Value obtained
1 Density 1-56 g/cc
2 Fibre volume fraction 82-05%
3 Young’s modulus (longitudinal) 16:31 GPa
4 Young’s modulus (transverse) 159 GPa

diffused into one another in spite of three heat treatment
cycles. Figure 2(b) clearly shows no disturbance or
breakage among fibres was observed until and up to
fabrication stage.

3.2 Physical properties

The composite was subjected to various types of testing
in order to determine the physical properties such as
density, Young’s modulus and fiber volume fraction at
ambient temperatures of the composite. The Young’s
modulus was determined by the rule of mixtures in both
the orientations given by:

For longitudinal orientation:

Ec = Eme + ErVr’ (1)
and for transverse orientation:
Ec = EmEr/(EmVr + Eer)’ (2)

where E. is the Young’s modulus of the hybrid compos-
ite, E,, is the Young’s modulus of the matrix, E.; is the
Young’s modulus of the reinforcement, V,, is the volume
fraction of the matrix and V; is the volume fraction of the
reinforcement. The results thus obtained are as follows.

From the data in table 1, it can be seen that the
composite showed an isotropic behaviour because of
approximately same values obtained for Young’s modulus.
This can be attributed to the presence of high carbon fibre
volume fraction.
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Figure 3. Load vs displacement data for flexural strength
(3-point bend loading) test in longitudinal orientation.

3.3 Flexural strength testing

Flexural test in 3-point bend loading were conducted on
specimens of width (b) of 10 mm, thickness (d) of 3-4 mm
and length (L) of 75 mm (with an included span length
equivalent to 16 times the thickness). A total of 10 speci-
mens were tested and here only one specimen load-
displacement data is being shown for sake of clarity in
each cases, i.e. longitudinal and transverse orientations.

3.3a Longitudinal orientation: It can be clearly seen
from table 2 that the material possesses excellent flexural
strength in the longitudinal direction with an average
value of 1084 MPa. This can be attributed to the presence
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Table 2. Dimensions of specimens used and values of flexural strength of hybrid composite in

longitudinal orientation.

SL Width Thickness Length Max. load Flexural
No. (mm) (mm) (mm) applied (N) strength (MPa)
01 10-10 3.25 74-93 1474-51 1120

02 10-17 3-30 75-10 1473-44 1078

03 10-13 3.27 74-86 1476-31 1104

04 9.72 353 75-11 1405-99 1089

05 10-11 3-30 74-96 1379-37 1015

06 991 3.23 75-05 1400-41 1097

Figure 4.
and breakage of surface fibres observed after test.

of the light weight carbon fibres and also the particulate
reinforcement, the CNT. Typical load vs displacement
curve (as in figure 3) for one of the specimens explains
the exceptional behaviour of the material. The plot exhi-
bits a gradual increase in the load along with increase in
displacement up to a peak point and then shows a steep
decrease with falling slope. The gradual increase in the
elastic zone is due to the presence of fibres perpendicular
to the direction of crack propagation and also due to the
CNT, which take up the load completely (Region I). This
is followed by Region II consisting of a sharp and steep
fall in the stress value at approximately constant dis-
placement. This stage is largely dominated by shear mode
of failure. This is followed by a small increase in the load
after this steep decrease which can be assumed as the
building up of resistance by the surrounding fibers or
contribution of CNTs. The mechanism of the stress dis-
tribution in the hybrid composite can be explained in the
following way: firstly, a group of fibres (at the surface),
experiences the maximum stress initially by taking up the
load completely. This is the elastic stresses zone (Region
I). On further increase in the load, the surface fibre bun-
dle breakage starts leading to the crack initiation and in-
stant propagation and with participation of other fibres

Bentand. .

broken fibres

(a) Crack path observation after flexural testing in longitudinal orientation and (b) bending

beneath the surface. With the failure of these fibres, the
other fibres start experiencing the stress and further crack
propagation is carried out (marked by the rise in the plot
in Region II). The data in figure 3 shows a displacement
starting from 59 mm (approximately) until the 7-9 mm
till the test is interrupted. Till 5-9 mm, it is the cross head
displacement that is progressed at zero load and there-
after the load string and the specimen start experiencing
the load. Table 2 gives the overall information regarding
the testing carried out in longitudinal orientation.

The crack propagation direction is across the length of
the specimen as shown in figure 4(a). The microstruc-
tures obtained for the crack path of the tested specimens
in this orientation clearly shows the breakage of fibres
which are perpendicular to the crack propagation (see
figure 4(a)). Also, these specimens exhibited the clear
bending and breaking of the stressed surface fibres into
them. This suggests the above explanation is justified
(figure 4(b)).

3.3b Transverse orientation: Load vs displacement
data was plotted for the transverse loading for one of the
specimens tested. Here, it was observed that the flexural
strength is significantly lesser (3—4%) when compared to
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Table 3. Dimensions of specimens used and values of flexural strength of hybrid composite

in transverse orientation.

Width Thickness Length Max. load Flexural
S1. No (mm) (mm) (mm) applied (N) strength (MPa)
01 10-33 3.53 75-26 54-49 34
02 10-11 3-45 74-93 48-20 32
03 10-41 3-38 75-19 63-13 43
04 10-45 343 75-10 6691 44
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Figure 5. Load vs displacement data for flexural strength
(3-point bend loading) test in transverse orientation.

the longitudinal direction. The average flexural strength
obtained in this orientation is 38 MPa approximately.
This phenomenon occurs because the fibres are aligned
parallel to the propagation of the crack and, thus, their
participation is largely neglected. The crack path is
largely straight enough to justify this statement. The ma-
trix takes up the entire load and the maximum load value
exhibited here is the load taken by the matrix (epoxy and
CNTs) alone. Perhaps, the values would degrade even
more in the absence of CNTs in the resin mixture, which
hinders the crack propagation.

The graph plotted for the transverse alignment of fibres
under 3-point bend loading exhibits a similar behaviour
when compared to the longitudinal orientation except the
fact that the load bearing capacity is very low here. It is
interesting to note the scale of both the axes. In this plot
in figure 5, ‘Region I’ exhibits the elastic nature of the
material and the load increases with increase in displace-
ment. Mild serrations can be observed in this region,
which could have resulted due to the presence of CNTs.
The poor strength properties of matrix are being compen-

sated by the CNTs in the matrix mixture. ‘Region II’
shows a more steep and large fall in load and then attains
near saturation in load, with an increase in displacement.
It can be noted that there is even a more severe serrations
region formed in the load displacement data after the
steep load drop which can be attributed to the presence of
CNTs in the matrix. This could be assumed as a resis-
tance build with a large displacement until the total frac-
ture of the specimen.

In this orientation, with a small increase in load/stress,
there is a large increase in displacement owing to the
poor strength of the matrix mixture. It is observed that the
maximum average load level of this composite in trans-
verse orientation is 58 N approximately which corre-
sponds to a flexural strength of 38 MPa. Table 3 gives the
overall information regarding the testing carried out in
this orientation.

The microstructures observed for the crack path was
observed straight to the naked eye and also the SEM
analysis revealed no significant lateral damage to the
carbon fibres as seen from figures 6(a) and (b).

3.4 Directionality in strength properties

From the above tests conducted and results obtained, it is
clear that a hybrid composite such as C; (unidirectional)
and CNT reinforced epoxy matrix composite possesses
significantly higher flexural strength in the longitudinal
orientation, compared to the transverse orientation. It
can be clearly seen in the load vs displacement curve in
figure 7 plotted for both orientations.

Though a similarity can be observed in the curve be-
haviour, there is a huge disparity in the stress bearing
capacities in both the orientations. The hybrid composite
showed an isotropic behaviour from table 1 in Young’s
modulus, but there is a definite directionality influence on
strength properties. This arises from the presence of uni-
directionally wound fibres whose Young’s modulus is
approximately same (17 GPa) in the longitudinal orienta-
tion and (16 GPa) in the transverse orientation. Fibres
have a dominant effect in this orientation resisting the
crack propagation. The matrix fails in resisting the crack
propagation when load is applied in the transverse orien-
tation.



Figure 6. Crack path observation after flexural testing in transverse orientation: (a) At

entation. These properties obtained from the hybrid com-
posite show that it is clearly suitable for structural
applications in the aeronautical and aerospace industry,
where the exceptionally high values of longitudinal flex-
ural strength can be exploited.
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Figure 7. Plot vs displacement data for flexural strength (3-point
bend loading) test for longitudinal and transverse orientations.

4. Conclusions

The unidirectional C;— CNT reinforced epoxy matrix
hybrid composite was successfully processed by hand lay
up technique. The hybrid composite was tested for its
physical properties and it showed a very less density
when compared to other competing PMCs used in the
structural applications. The flexural strength of the hybrid
composite is significantly higher in longitudinal orienta-
tion as compared to the same in transverse orientation
(1084 MPa in the longitudinal orientation). Thus, the
composite showed an appreciable influence of fibre ori-
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