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Introduction
The polymer nanocomposites (PNC) prepared using nanofillers 

such as carbon nanotubes and nanoclay has shown significant 
improvement in the mechanical properties.1–5 Carbon nanotube 
reinforced glass fiber polymer composites exhibit high strength to 
weight ratio, superior corrosion and fatigue resistance as compared to 
neat epoxy composites likely due to their intrinsic properties. 

In the last decade, CNTs have shown wide applications in the 
areas of aerospace, automotive and marine structures as the CNT 
nanocomposites properties scored over other nano–fillers with 
respect to mechanical, electrical and thermal properties. The superior 
mechanical properties of CNT have allowed them to be used as 
secondary reinforcement in composite materials. Further improvement 
in mechanical properties has been reported after the addition of amino 
functionalized CNT in PNC.1,3–5,6–20 Besides, effective interfacial 
bonding between the composites individual constituents the properties 
of the composite materials is primarily dependent on the dispersion of 
CNT in the polymer matrix. Thus, at present the full potential of CNTs 
as reinforcement is still limited due to the non–homogenous dispersion 
of CNT as they exist as agglomerates and also due to poor interfacial 
interaction between CNTs and the polymer matrix.21 There is an 
enormous amount of literature available on the techniques developed 
for CNT dispersion in polymer matrix.22–27 From the literature it has 
been deduced that ‘ultrasonication’ is an effective method to disperse 
CNTs in liquids having a low viscosity, such as water, solvents and 
few polymer matrices. In addition to that, mechanical stirring has 
also been considered as an effective tool to disperse nanoparticles in 
a polymer matrix. The size and shape of the propeller and the mixing 
speed controls the dispersion results. A study May CA28 has reported 
a relatively fine dispersion of CNT in polymer matrix after intensive 
stirring. On the other hand, using a homogenizer to induce high shear 
rates that assist in obtaining uniform particle size and dispersion of 
nanoparticles has not been studied much. The literature supporting 
the use of homogenizer is very scant and thus it is interesting to find 
out if mechanical stirring or high–shear homogenization would result 

in uniform dispersion of CNTs in the epoxy resin and a stabilized 
mixture i.e. without re–agglomeration of CNTs when kept for longer 
durations. 

In the present study, the effect of various parameters on the 
mechanical properties of CNT modified FRP composites have been 
studied. This includes studying the effect of mechanical stirring as 
well as high–shear homogenization to uniformly disperse amino–
functionalized nanotubes (ACNT) in the resin on the tensile and 
flexural properties. Secondly, the degree of dispersion and interfacial 
bonding of ACNT in epoxy resin or amine hardener has also been 
looked into. Lastly, the effect of temperature of final polymer mixture 
during infusion in VARIM has also been considered. The investigations 
of all these parameters lead to optimization of the conditions that 
significantly affect the dispersion, interfacial bonding and the resulting 
mechanical properties of the polymer nanocomposites. Furthermore, 
electron microscopy techniques validates the dispersion of carbon 
nanotubes in polymer matrix and the presence of strong bonding 
that possibly assisted in improving the strength and stiffness of the 
prepared composite material. 

Experimental
Materials

The details of procurement of raw materials for the preparation of 
polymer nanocomposites have been documented in one of our earlier 
work.3 

Preparation of glass fiber polymer composites

The preparation of pure epoxy and CNT reinforced epoxy GFRP 
composites have been reported in detail in Garg M3 and a schematic 
diagram for the same is shown in Figure 1.

In brief, the processing methodology to obtain uniform and 
homogenous dispersion of nanotubes in epoxy matrix has two 
methods, firstly, homogenization and ultrasonication (Figure 1) and 
secondly, stirring and ultrasonication. The polymer nanocomposites 
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Abstract

In the present study, 2–ply glass fiber epoxy composites were prepared with amino–
functionalized carbon nanotubes using Vacuum assisted resin infusion molding 
(VARIM) technique. The focus is to evaluate the different processing techniques used 
to uniformly disperse nanotubes in resin and their effect on mechanical properties. 
In addition, the dispersion and mechanical performance by incorporating amino–
nanotubes in curing agent vis–à–vis epoxy resin is also studied. Lastly, the mechanical 
behavior of composites on increasing the resin infusion temperature prior to its 
fabrication is also investigated. The mechanical results along with SEM and TEM 
images validate the proposed processing methodology and use of higher infusion 
temperature.
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(PNC’s) were prepared by adding 0.1 wt% amino–functionalized 
CNT (ACNT) in epoxy resin using either homogenizer at a speed 
of 20,000rpm or mechanical stirrer at 500 rpm. The resulting CNT/
epoxy mixture was sonicated at 40% amplitude for 10min followed by 
the addition of curing agent in stoichiometric ratio, using mechanical 
stirrer. Lastly, the polymer mixture was infused into the mold using 
VARIM for fabricating CNT reinforced glass fiber composite material. 

Figure 1 Schematic of the process used to prepare polymer nanocomposite.

The morphological characterization of the fractured surfaces 
of the samples was done in scanning electron microscopy – SEM 
(JEOL JSM 6510LV SEM at 20kV). All the specimens were prepared 
with a thin gold coating to avoid charging effects. The dispersion 
was quantified by analyzing the liquid samples under transmission 
electron microscope, Hitachi (H–7500), after placing onto a copper 
grid. The tests for both mechanical properties (i.e. tensile and 
flexural) were carried out on a universal testing machine, Zwick Roell 
Z010. The tensile tests were carried according to ASTM D3039 at a 
crosshead speed (strain rate) of 2mm/min while the flexural tests were 
performed at a strain rate of 1.34mm/min (ASTM D790). For each 
prepared composition, four samples were tested.

Results and discussion
Effect of processing techniques on CNT dispersion in 
epoxy matrix

The processing methodology adopted to obtain uniform and 
homogenous dispersion of nanotubes in epoxy matrix has been 
defined in two ways: (i) homogenization and ultrasonication (Figure 
1), (ii) stirring and ultrasonication. The experimental results obtained 
after performing mechanical tests of the prepared samples have been 
illustrated in the Figure 2 and Figure 3. 

It is clearly seen that that flexural modulus and strength decreased 
by 25% and 29% respectively, for the mechanical stirring as compared 
to high–shear homogenization. Homogenization has scored over 
conventional mechanical stirring technique due to the fact that high–
shear forces are needed to achieve a fine dispersion in the polymer 
matrix especially for these thermosetting polymers. Use of a high 
shear homogenizer at a speed of 20,000rpm resulted in breaking the 
nanotube agglomerates and further improved the interfacial bonding 
with the epoxy resin that enabled an effective stress transfer between 

the epoxy matrix and the amino–functionalized CNTs. This is 
clearly represented by the significant enhancement in the mechanical 
properties, especially flexural ones, obtained by the use of high–shear 
homogenization as shown in Figure 2 and Figure 3 and the TEM image 
(Figure 4). The changes observed in flexural properties illustrate the 
presence of strong interfacial bonding between the CNT reinforced 
resin and the glass fiber mat. 

Figure 2 Effect of processing techniques on the modulus of CNT reinforced 
composites.

Figure 3 Effect of processing techniques on the strength of CNT reinforced 
composites.

Figure 4 illustrates the uniformly dispersed ACNT throughout the 
epoxy resin without altering their original aspect ratio. On comparing 
the properties obtained by implementing high–shear homogenization 
with the pure epoxy glass fiber composite (GFRP) an improvement of 
36%, 45% and 39% in flexural modulus, strength and ILSS has been 
observed, respectively. Whereas, the improvement is only 3% in the 
flexural strength for samples prepared with mechanical stirring vis–à–
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vis GFRP composite. This is possibly due to the fact that stirring may 
not be able to break the CNT agglomerates which would act as stress–
concentration sites in the composite. During the testing conditions, 
these sites become source of crack initiation and finally failure. Hence, 
these experimental findings suggest the use of homogenization over 
mechanical stirring for dispersing CNTs in the epoxy resin.

Figure 4 Dispersion of amino-CNTs in epoxy resin characterized using 
TEM.

Effect of ACNT dispersion in amine hardener versus 
resin

The hardener used in the study has diamine groups and is of low 
viscosity. Instead of dispersing CNT in epoxy resin, researchers have 
also dispersed them in hardener using processing techniques such 
as sonication, shear–mixing or calendaring.13,29 In the present study, 
0.1wt% ACNT of the total mixture was added to the hardener using 
high–shear homogenizer at 10,000rpm for 5min followed by probe 
sonication set at 40% amplitude for 10min. The resulting mixture was 
kept in a desiccator under vacuum for 1h to remove any entrapped air. 
The stoichiometric ratio of resin was then added using a mechanical 
stirrer at 500rpm for 5min. The resulting mixture was cooled down to 
approximately 30oC to prepare FRP reinforced composite material. 
Four samples were tested (as per ASTM standards) under tensile 
and flexural loading conditions. According to the experimental 
results obtained (Table 1), there is a remarkable improvement in 
the mechanical properties as compared to the sample prepared by 
dispersing ACNT in epoxy resin. Also, the tensile and flexural modulus 
and strength are higher as compared to neat epoxy composites.

Table 1 reveals significant improvement in the tensile properties 
by the addition of nanotubes in hardener, as the tensile properties are 
matrix dominated. The matrix showed better dispersion and strong 
interfacial attraction between the ACNT particles and the matrix as 
seen in Figure 4. The fiber–dominated properties i.e. flexural, on the 
other hand showed little improvement in the flexural strength and 
ILSS. These results (Table 1) suggest that the addition of ACNT in 

hardener has shown significant improvement as compared to the 
nanocomposites prepared by dispersing ACNT in resin and even 
considerable increase in flexural properties on comparing with neat 
epoxy composite. The possible explanation for such performance is 
that the addition of amino–functionalized CNTs in a hardener, low 
viscosity, containing similar amino groups builds strong covalent 
bonds among themselves due to the same polarity and formed a long 
chain. This polymer chain then had abundant amino groups present in 
the mixture and acted as a nucleophile when exposed to the epoxide 
groups present in the mixture thus, resulting in the formation of strong 
interconnected network. Additionally, there would be covalent bonds 
between the amino CNTs and the resin which further improved the 
fiber–matrix interfacial bonding. The presence of strong interfacial 
bonding between the ACNT and epoxy has proven to be beneficial for 
effective stress transfer under the loading conditions and thus resulted 
in an enhancement in tensile and flexural properties. This is certainly 
an interesting result which can further be correlated by examining the 
fracture surface analysis using SEM and morphological analysis by 
TEM. 

Table 1 Comparison of the mechanical properties by dispersing ACNT in 
hardener

Properties

% Change as 
compared to 
ACNT dispersion 
in resin

% Improvement as 
compared to neat epoxy 
without nanofillers

Tensile modulus 30% increase 11% increase

Flexural 
modulus 6.8% decrease 27% increase

Tensile strength 42% increase 20% increase

Flexural 
strength 6.1% increase 54% increase

ILSS 12% increase 55% increase

From Figure 5a, it is clearly visible that the bi–directional layers 
of the glass fiber mat have a coarse surface. The surface appears to 
be denser and compact with unbroken CNTs still adhering to the 
matrix thus suggesting comparatively stronger interfacial bonding 
between the resin and the amino–functionalized CNTs. On the other 
hand, Figure 5B shows even denser surface. The fibers are covered 
by the matrix completely. Moreover, it can be seen that even after 
the application of compressive stress, the fibers direction has not 
changed. Generally, it is observed that on application of stress on the 
composites, the fibers tend to break and appear as broken pieces as 
seen in Figure 5A. This has not been observed in this case which is 
certainly due to the existence of strong bonding between the matrix, 
glass fibers and the nanotubes. The strong interface resulted in an 
effective stress–transfer during the mechanical testing. The strength 
of these composites is therefore comparatively higher possibly due 
to the strong interaction between functionalized nanotubes and the 
amine hardener. Similar fracture surface behavior by suspending 
ACNT in the hardener has been reported by Gojny FH.13 

Effect of resin mixture temperature during infusion on 
mechanical properties

Another important variable which possibly affects the performance 
of the polymer based composites is their infusion temperature. 
The temperature of the polymer matrix prior to infusion affects its 
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viscosity which indirectly affects the materials mechanical properties. 
Hence, to investigate this, experiments were carried out by increasing 
the temperature to 45°C from the room temperature (i.e. 23°C –26°C). 
To validate this further, a comparison was made for two different 
polymer compositions i.e. 0.0% CNT (pure epoxy) and 0.1wt% ACNT 
epoxy composites. The stiffness and strength obtained for the tested 
samples are shown in Figure 6 & Figure 7. In the Figure 6 and Figure 
7 GFRP refer to the pure epoxy glass fiber composites without any 
nanofiller content while, ACNT GFRP refers to glass fiber composites 
prepared where amino–functionalized nanotubes act as secondary 
reinforcement material.

Figure 5 SEM images of (a) ACNT dispersion in resin and (b) ACNT 
dispersion in hardener.

It is clearly visible that as the infusion temperature is increased 
above the room temperature up to 45°C, it has a strong positive effect 
on the stiffness especially for pure epoxy (GFRP) composite samples 
while, for ACNT GFRP composites there was a fall in modulus 
values as seen in Figure 6. The mechanical behavior of composites 
during tensile and compressive loading conditions reveals a slight 
enhancement in the strength properties vis–à–vis reference specimen 
as seen in Figure 7. This is certainly an interesting finding because 
at room temperature CNT/epoxy mixture is highly viscous which 
results in increasing the possibility of formation of CNT agglomerates 
during its curing. In addition, Figure 8 reveals an inverse relation 
between strain and modulus for ACNT GFRP composition i.e. strain 
increases while modulus decreases for samples prepared at 45°C 
vis–à–vis 23°C samples. Similar behavior has also been observed 
for other properties i.e. tensile strength, flexural strength and ILSS 
properties. In general, the higher infusion temperature of mixture has 
proven to be advantageous for GFRP specimens with respect to all 
mechanical properties, while it is specific to few properties in the case 
of ACNT GFRP specimens. Therefore, the fabrication of polymer 
nanocomposites should certainly consider higher temperature of resin 
mixture prior to its infusion for curing as per the findings from this 
experimental study. 

Figure 6 Effect of polymer mixture temperature on composites modulus.

But on the other hand, infusion at room temperature results in 
higher viscosity of the CNT/epoxy mixture that cause poor wetting 
of the glass fiber mat, as it becomes more difficult for the partially 
crosslinked polymer molecules to conform to the fiber mat and 
infiltrate the inter–strand and inter–filament spaces.29 This leads to 
increased porosity and defect sites in the resulting composites that 
eventually become the source of crack initiation in the composite 
under stress and the ultimate reason for the failure of the composites. 

Figure 7 Effect of polymer mixture temperature on composites strength.

Figure 8 Effect of different infusion temperature on stress vs strain 
relationship for ACNT GFRP composites.

Conclusion
This study reports the effect of processing conditions on the 

dispersion and mechanical performance of GFRP composites 
reinforced with functionalized carbon nanotubes. On comparing the 
dispersion of nanotubes in the resin by either high–shear homogenizer 
or mechanical stirring, a drop was seen in the materials stiffness 
and strength i.e. 25% and 29% respectively, by using mechanical 
stirring technique. While no change, was observed for the tensile 
properties. Therefore, employing of high shear mixer technique 
resulted in breaking the nanotube agglomerates and further improved 
the interfacial bonding with the epoxy resin that enabled an effective 
stress transfer between the epoxy matrix and the amino–functionalized 
CNTs.
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Furthermore, experimental investigation illustrates that the 
addition of amino–functionalized CNTs in the low viscosity hardener 
shows better performance as compared to their dispersion in the resin. 
Also, lower amount of CNT agglomerates were observed in this case 
and the mechanical properties improved by approximately 30% in 
tensile modulus and approximately 10% in flexural strength and ILSS 
properties vis–à–vis ACNT dispersion in resin.

In addition, the infusion temperature of the resin mixture in VARIM 
has also shown profound effect on the mechanical behavior. In pure 
epoxy glass fiber composites, higher temperature has scored over 
room temperature specimens for all the properties studied. Whereas, 
in amino–functionalized nanotubes reinforced glass fiber composites, 
the tensile and flexural strength as well as Inter laminar shear strength 
(ILSS) properties increased for higher temperatures as compared to 
room temperature infusion. The slight improvement in the tensile 
strength is likely due to the presence of nanotubes in the matrix as 
they tend to bear the stress during its loading conditions. Additionally, 
the improvement in ILSS and flexural strength properties is highly due 
to the strong crosslinking network among amino–CNTs, resin and the 
glass fiber mat. Also, higher temperature of the resin mixture reduces 
its viscosity which further results in better dispersion of CNTs in the 
epoxy matrix, good wettability of the mixture with glass fiber mat, 
reduced porosity and agglomerates which act as stress–concentration 
sites thus, resulting in stronger interfacial adhesion.
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