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Abstract

The particulate �lled epoxy composites show lower mechanical properties than neat composites due to lack strength of 
uniform dispersion of particles leading to poor in interfacial strength between matrix and �llers. In this study, ultrasoni-
�cation dispersion technique is employed to achieve a homogenous dispersion of halloysite nanotubes (HNTs) in epoxy 
resin. The nanocomposites are fabricated by solution casting method and specimens are prepared as per ASTM standards. 
The various test has been conducted as per ASTM procedure to evaluate the mechanical properties viz. density, hardness, 
tensile, �exural, ILSS and impact strength of the nanocomposites consisting of di�erent weight (wt)% of HNTs varying 
in the range of 0–4 with the interval of 1. As per the experimental investigation, the selected dispersion techniques 
enhances the mechanical properties of the nanocomposite by the loading of HNT. Further, the study revealed that the 
3 wt% of HNT with ultrasonic homogenized nanocomposite shows superior mechanical strength as compared to other 
nanocomposites. Hence it is evident that the properties of the nanocomposite depends on the quantity of �ller present 
and dispersion condition. The dispersion condition and fractured surfaces are analyzed through the SEM micrographs.
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1 Introduction

Nanocomposites are materials which take the bene�t of 
dispersoids, whiskers and platelet form of nanoparticles 
used as a reinforcement in their fabrication. In general a 
nano-�ller with a size range of several hundred nanom-
eters and any polymer matrix phase, either a thermoset 
or thermoplastic comprises a nanocomposite. Due to 
the better interfacial area property, the nanoparticles are 
most commonly used reinforcement materials compared 
to other reinforcements [1, 2].

Further, the epoxy nano composites are unique com-
bination of nano �llers and epoxy matrix phase that are 
�nding their applications in various engineering domains 
ranging from kayaking boats to decks and other marine 

components including the ribs and frames of ship hulls 
to aircraft parts from carbon �bre reinforced pylon struc-
ture to wing and fuselage skins to overhead stowage bins 
inside the cabin to automotive members including the 
doors, trim-tabs, bumpers and decks, these wide range of 
applications are attributed to the load bearing capacity 
of the nano �llers and the strong bonding o�ered by the 
epoxy matrix phase. In addition to the reinforcements and 
the matrix, the nano �llers such as halloysite nano tube 
(HNT), �y ash, zirconia, nano silica, nano alumina have 
evolved to enhance the characteristics of the epoxy com-
posites. In the current work, HNT’s have been selected as 
nano-�llers.

Halloysite nanotube (HNT) is basically a kaolite group 
naturally occurring mineral which includes aluminosilicate 
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nanotubes in layer forms. HNTs are available in form of 
white colour nanoparticles with chemical formula  Al2Si2O5 
(OH)4·2H2O. HNTs are odourless and more economical 
compared to other nano�llers, especially carbon nano-
tubes [3–6]. Studies revealed that mechanical properties 
of polymer matrix can be enhanced by the loading of 
HNTs e.g. toughness and elastic modulus can be enhanced 
through restrictive matrix dislocation activity [7–10]. The 
e�ective dispersion of HNTs in polymer matrix are known 
to improve the characteristic features, however, it is very 
difficult to disperse HNTs effectively into the polymer 
matrix due to clusterness of the HNTs [11–13]. Therefore, 
it is a challenge to the researchers to establish the right 
parameters to achieve homogenous dispersion of �llers 
in a polymer matrices.

Currently, the methods viz. magnetic stirring, ultrasonic 
homogenization and ball milling are commonly used to 
disperse nano�llers in polymer matrix [14]. The mechanical 
stirring is an easy method to achieve homogenous disper-
sions with minimum aggregation of nano�llers in polymer 
matrix and also it is more suitable for production of the 
nanocomposites commercially [15, 16]. In the literature, it 
is revealed that the HNTs have an appreciable amount of 
water between  SiO4 and  AlO6 structures [17–19]. There-
fore, the structure, properties of HNT reinforced polymer 
composites depends majorly upon degree of dispersion, 
concentration and temperature.

In the present work, a set of experiments are carried out 
to analyze the e�ect of dispersion techniques on mechani-
cal properties of HNT �lled Epoxy nanocomposites. From 
the revelations, it is concluded that the addition of HNT 
nanofillers with different weight proportions in epoxy 
improves their mechanical properties than compared to 
neat composites. Further, the study revealed and evident 
that ultrasoni�cation dispersion method enhances the 

mechanical strength of nanocomposites due to uniform 
distribution of nanoparticles and cohesive bonding with 
epoxy matrix can observed through the SEM micrographs.

2  Materials and methods

2.1  Materials and fabrication procedure

Halloysite nanotubes (HNT’s) are used as reinforcements 
in current work and they are procured from Sigma Aldrich 
Company, Bengaluru, India. The diameter and length 
of the HNT’s has a range in between 30 and 70 nm and 
1–15 µm respectively. The morphology of HNT has a tube 
like structure with a density of 2.53 g/cc and the surface 
area is about 65 m2/g. It has a high aspect ratio and low 
percolation property which makes it convenient to be 
used as a reinforcement for Lapox L-12 Epoxy matrix.

The HNTs of di�erent fractions (0, 1, 2, 3 and 4 wt%) 
without any modi�cations were added to the epoxy resin 
and the solution was subsequently sonicated for 1 h to 
improve the dispersion of HNTs in the epoxy. The container 
was kept in the ice bath to maintain the temperature of 
the mixture low to avoid overheating related problems. 
The HNT/epoxy mixture was then degassed in vacuum 
oven for 10 min to eliminate the entrapped air, and fur-
ther curing agent (K6 Hardener) was added with a weight 
ratio to epoxy of 10:100. After a thorough stirring for about 
10–15 min, the nano mixture was poured into aluminum 
molds.

The fabrication process of all specimens used in this 
study has been presented in Fig. 1. Samples are cut accord-
ing to ASTM Standards using fabric cutting machine for 
experimentation as shown in Fig. 2.

Fig. 1  Schematic diagram 
of fabrication of HNT/epoxy 
nanocomposites
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3  Experimentation

3.1  Mechanical properties testing procedure

Samples dimension 12 mm × 12 mm × 3 mm are used for 
density measurement according to ASTM D-792 standard. 
The samples are weighed �rst in air (M1) and re weighed 
while immersed in a liquid (distilled water) of known den-
sity (M2) Using electronic balance (Mettler Toledo make, 
Model AX 205). The density of the specimen was calculated 
using below equation.

where ρc and ρl are the densities of the specimen and 
liquid (distilled water) respectively. The density of distilled 
water is 1 g/cm3.

Hardness (Shore-D) of the samples are determined 

as per ASTM D2240, by using a Shore D Hardness tester 
(Excel make). Five readings on each sample at various 
places are measured and average value is noted. The 
tensile strength is determined using universal tensile 

(1)�c =
M1

M1 −M2
× �l

testing machine (UTM) (Kalpak Make, capacity of 100 kN) 
as per ASTM D3039 standard with specimen cross sec-
tion 150 mm × 12 mm × 3 mm. The tensile test is conducted 
maintaining a gauge length 120 mm and crosshead speed 
of 5 mm/min (quasi-static).

The �exural and ILSS strength of the HNT �lled Epoxy 
nanocomposites are measured at room temperature 
according to ASTM D790 and ASTM D 2344 standard keep-
ing specimens cross section 90 mm × 12 mm × 3 mm using 
UTM (Kalpak Make, capacity of 100 kN). Constantly main-
tained the span length of 60 mm for �exural and 30 mm 
for ILSS specimens with a deformation rate of 2.5 mm/min.

Izod impact test are conducted as per ASTM D256–92 
standard (60 mm × 12 mm × 3 mm) by using Mitutoyo 
make pendulum impact tester (Capacity up to 10 kJ/m). 
The pendulum striking velocity 3.46 m/s is employed. Five 
samples are tested for each composite system for all the 
studies, the details of the constituents with designation 
for each of the sample of the composites and the average 
values is recorded in the Table 1.

The selected samples are inspected in a scanning 
electron microscopy (SEM) (model: JEOL JSM -840 a) 
with a computer image analysis system, after gold coat-
ing to examine the dispersion condition and fractured 
morphologies.

The results of the mechanical testing carried out is fur-
ther analysed to understand the signi�cance of dispersion 
of the nano �llers in the form of HNT in the matrix phase.

4  Results and discussion

The characteristic evaluation of the mechanical properties 
of the epoxy composites synthesized are very important 
to understand the e�ect of HNT on the composites fabri-
cated. In the current work, mechanical properties such as 
density, hardness, tensile, �exural and Shear characteristics 
and impact behavior. The HNT’s are generalized to improve 
the mechanical properties and is thus validated from the 
results tabulated in Table 1.

Fig. 2  Samples of HNT/epoxy nanocomposites

Table 1  Composition, designation and mechanical properties of composites

HNT (wt%) Composite 
designation

Density (g/cc) Hardness 
(Shore-D)

Tensile 
strength 
(MPa)

Tensile 
modulus 
(GPa)

Flexural 
strength 
(MPa)

Flexural 
modulus 
(GPa)

ILSS (MPa) Impact 
energy 
(J/m)

0 N/E 1.58 55 191.4 5.5 307.4 6.03 66.6 573.8

1 1-E/HNT 1.63 57 234.0 6.8 414.3 7.94 71.4 661.5

2 2-E/HNT 1.64 64 248.4 6.9 434.5 8.03 88.2 706.6

3 3-E/HNT 1.66 68 267.7 7.6 489.4 8.74 108.9 1563.2

4 4-E/HNT 1.71 62 257.8 7.1 446.3 7.89 78.8 857.1
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4.1  Density

Density of a composite depends on the relative proportion 
of reinforcement, matrix and dispersion technique. The 
Fig. 3 shows an increasing trend in density observed with 
the increasing content of HNT particles in Epoxy matrix. By 
contrast, a marginal improvement in density is observed in 
nanocomposites about 9% compared to neat epoxy due to 
present of the ceramic elements viz.  SiO2,  Al2O3 etc.in HNT 
particles. The highest density value (1.71 g/cc) is observed 
in case of 4 wt% HNT-Epoxy system due to better disper-
sion of the reinforcements as well as diminished to form 
an agglomeration by ultra-sonication.

4.2  Hardness

The surface hardness is considered to be one of the impor-
tant factor to be determined and it has a vital e�ect on 
the wear rate of the composites. The test result shows 
that there is an increase in hardness value of the nano-
composites by incorporation of HNT content. The hard 
nature of Epoxy with exfoliation of polymer chains in 
between two plates of nano-clay (HNT) makes the sur-
face of composite very hard due to which the indentation 
of the indenter is quite di�cult. The critical observation 
of graph as seen in Fig. 3 reveals that there is a speci�c 
trend with variation. Improvement in hardness is observed 
in all the composite systems. This signi�ed that the HNTs 
at di�erent weight fraction creates a formidable chemi-
cal combination with Epoxy. At 3 wt% HNT-Epoxy system 
with Ultrasonic homogenization dispersion exhibits nearly 
23.6% improvement in hardness value as compared to said 
neat epoxy composite. Further loading of HNT declines 
the hardness value of epoxy nanocomposites due to HNT 
aggregates and causes voids and porosity.

4.3  Tensile behavior

From the Fig. 4 it is evident that the tensile strength and 
tensile modulus of composites are found to increase with 
HNT reinforcement compared to neat Epoxy due to the 
restriction of the mobility and deformability of the Epoxy 
and also formation of ordered exfoliation of polymer 
chains in between the interstitial spacing of nanoclay 
(HNT). The dispersion of HNT in Epoxy increased the inter-
facial sti�ness and static adhesion strength of the compos-
ites compared to neat, which constitutes to transfer the 
elastic deformation to great extent. The results showed an 
increase in tensile strength and tensile modulus of Epoxy/
HNT nanocomposites with 3 wt% of HNT is 39.6% and 
38.1% respectively due to improve in bonding strength at 
the interfaces of Epoxy and HNT nanoparticles.

In case of 4 wt% addition of HNT into epoxy shows 
decreased tensile strength and tensile modulus by more 
than 3–4% and 7–8% respectively. This is mainly due 
to aggregation of HNT across the Epoxy matrix which 
enhances the formation of stress concentration points 
lead to reduce mechanical properties. Hence concluded 
that 3 wt% HNT is the optimum weight percentage which 
disperse uniformly in epoxy matrix. These agglomerates 
acts as stress enhancers and thus lower the stress required 
in breaking the sample. Hence results in less strength as 
compared to HNT (3 wt%)-Epoxy nanocomposite.

4.4  Flexural behavior

HNT reinforced Epoxy nanocomposites exhibit an increas-
ing trend in �exural properties as shown in Fig. 5. This is 
due to a positive e�ect of HNT on the performance of 

Fig. 3  Density and hardness of epoxy/HNT nanocomposites

Fig. 4  Tensile strength and tensile modulus of HNT loaded epoxy 
nanocomposites
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Epoxy resin correlated with the unique characteristics 
of the HNT to impart better �exural rigidity. The uniform 
dispersion through ultra-sonication generates a strong 
interfacial bonding between HNT and Epoxy register bet-
ter �exural value compared to neat composites. There is an 
escalating improvement in �exural strength and modulus 
increases with increase in �ller content up to 3 wt%, and 
then it decreases. The reasons for the lower �exural prop-
erties at higher loading condition are probably due to the 
weak in particle-to-particle interaction, void and poor dis-
persion and aggregation of HNT in the epoxy matrix. The 
increase in the �exural properties in HNT �lled composites 
(up to 3 wt%) may be attributed to the reason that the �ller 
o�ers greater resistance to crack initiation and propaga-
tion in the composite. The maximum �exural strength and 
�exural modulus of 489.4 MPa and 8.76 GPa is observed for 
HNT �lled epoxy nanocomposites with an improvement 
of 60% and 45% respectively compared to neat epoxy for 
3 wt% HNT content.

4.5  Inter-laminar shear strength (ILSS)

Figure 6 shows the variation in ILSS strength vs. wt% of 
HNT. It can be seen that on incorporating HNTs, increment 
in ILSS strength are noticed in its as fabricated condition. 
HNT (3 wt%)-Epoxy nanocomposite showed the maxi-
mum increment in ILSS strength of 63.34% as compared to 
plain/neat epoxy composite. This is due to the strong phys-
ical bonding leading to decrease in the interatomic spaces 
enhancing the force of separation, this enhancement fur-
ther leads to subsequent increase in inter-laminar shear 
strength due to higher magnitude of forces required to 
break the bond between HNT �ller and the epoxy matrix.

On the contrary, HNT (4 wt%)—Epoxy nanocomposite 
showed less ILSS strength as compared to HNT (3 wt%)—
Epoxy nanocomposite, this is due to the fact that the dis-
persion of higher amount of HNTs forms the agglomera-
tion in the matrix leading to poor distribution all along the 
surface and formation of voids leading to sudden brittle 
fracture before getting sheared.

4.6  Impact energy

Figure 6 shows the variation of impact energy of epoxy 
nanocomposites with addition of HNT wt% loading. 
Under impact loading situation, a gradual improvement 
in impact strength with addition of HNT in di�erent wt% 
is noticed in the nanocomposites due to better compat-
ibility between Epoxy and HNT that will be the important 
factor to acquire the nanocomposites with a high level of 
dispersion due to ultra-sonication in order to provide bet-
ter impact strength and toughness. The impact strength 
of composite having a 3 wt% HNT reinforcement in epoxy 
through sonication process registered highest value 
1563.2 J/m and improvement of 72.45% as compared to 
other grades of composites. With further loading of HNT, 
�ller compatibility with the matrix resin seems to be not 
good which leads to the reduction in impact strength of 
about 45.1%, this is majorly attributed to the deformation 
of the zone of dispersion at the interface due to accumula-
tion of HNT that diminishes the energy bearing capacity 
of the composites.

4.7  Microstructure of epoxy/HNT based 
nanocomposites

The microstructure of Epoxy/HNT nanocomposites has 
been investigated using SEM micrographs. Dispersion 

Fig. 5  Variation of �exural strength and �exural modulus in epoxy 
nanocomposites

Fig. 6  Variation in ILSS and impact strength with wt% of HNT in 
epoxy matrix
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surfaces of epoxy nanocomposites SEM micrographs are 
shown in Fig. 7. Examining the nano-�ller distribution with 
varying HNTs contents (1–4 wt%) using SEM micrographs 
shows uniform dispersion and distribution of HNTs within 
the epoxy matrix in the Fig. 7b, c.

Aside from some small cavities in Epoxy/HNT nanocom-
posites micrographs (Fig. 7b, c) on the Epoxy/HNT nano-
composites surface, a strong coherent bonding between 
the interfacial layers of Epoxy and the HNT is observed, 
Further HNTs exhibit a uniform distribution behavior even 
with HNTs contents as high as 3 wt% (Fig. 7c). The above 
observation ascertains the necessity for limiting the nano-
�ller HNTs to 3 wt%, beyond which a critical evidence of 
poor interfacial interaction with the host epoxy matrix is 
recorded and more initial brittle cracking which consti-
tutes declining of the mechanical properties is reported.

4.8  Tensile fracture surface analysis of epoxy/HNT 
nanocomposites

The mechanical behavior of the nanocomposites can 
be correlated with a detailed fracture surface analysis. 

Figure 8a and b show the SEM micrographs of the tensile 
fractured surface of 3 wt% and 4 wt% of HNT �lled epoxy 
nanocomposites respectively. Epoxy/HNT nanocompos-
ites had an interrupted fracture lines which creates rough 
fracture surface and hence it increases resistance to crack 
propagation during fracture as shown in Fig. 8a.

The major toughening mechanisms observed in epoxy/
HNT nanocomposites are crack bridging, peripheral depo-
sition of matrix debris, brittle fracture, pull-out or break-
age of HNT nanotubes. It is also observed that the surface 
of the epoxy/HNT nanocomposite have developed the 
micro-cavities (red circles) upon fracture. This may be due 
to the pull-out of HNT �llers during fracture.

4.9  E�ect of HNT on mechanical properties 
of the epoxy composites

HNT being a combination of two layered alumina-silicate 
nano structure interlaced with tubular core of submicron 
range kaolin gives strength to the composite materials 
synthesized en-route solution casting, thus the inclusion 
of HNT enhances the shear strength, tensile strength and 

Fig. 7  SEM images of a neat 
epoxy b epoxy/HNT (3 wt%) 
and c epoxy/HNT (4 wt%) 
nanocomposites
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impact behaviour of the composite materials developed. 
Further, the HNT enhances the micro coring and segrega-
tion that enhances the bonding strength and inter lami-
nar shear strength of the composites, it also increases 
the impact behaviour of the composites attributed to 
the fact that the addition of HNT, which is essentially a 
hard ceramic reinforcement that imparts shock resistance 
and enhances the impact characteristics. The improve-
ment in the mechanical properties is a validation to the 
fact that the selection of HNT as a nano-�ller is having a 
major e�ect with uniform dispersion in the epoxy that will 
eventually add hard ceramic reinforcements in the form of 
aluminates and silicates to the epoxy enhancing its load 
bearing capabilities.

5  Conclusions

In this study, the characteristics such as microstructure, 
density, hardness, tensile strength, tensile modulus, �ex-
ural strength, �exural modulus, ILSS and impact energy of 
the HNT/Epoxy composites fabricated en-route solution 
casting through controlled processes are determined by 
experimental techniques as per ASTM standards, the out-
comes of the experimental trials are analyzed to draw suit-
able inferences with the change in the weight percentage 
of HNT up to 4 wt%. The observations made after thor-
ough evaluation of the results obtained are listed below:

• The microstructure of the composites fabricated en-
route solution casting captured using scanning elec-

tron microscope clearly depicts a uniform dispersion 
of the reinforcements in the matrix phase.

• The density of the composites increase by 8.22% attrib-
uted to the inclusion of HNT that eventually enhances 
the characteristics viz., the hardness of the composites 
that increases by 23.64% up to 3 wt% of HNT beyond 
which the hardness for 4 wt% decreases by 8.83% with 
reference to the latter one, this is due to the inclusion 
of porosity due to more micro cavities.

• The tensile strength and tensile modulus of the 
composites have increased attributed to the strong 
interfacial bonding between the reinforcements and 
matrix, the tensile strength and tensile modulus has 
increased for 3 wt% HNT by 39.86% and 38.18% respec-
tively, while the properties decreases further by 3–4% 
and 7–8% respectively for 4% HNT attributed to the 
agglomeration of the reinforcements that will lead to 
enhanced stress concentration and thereby reduce the 
tensile load bearing capacity.

• The enhancement of the �exural strength and the �ex-
ural modulus of the composite by 59.2% and 45% for 
3 wt% of HNT is attributed to the fact that the uniform 
dispersion of HNT in the matrix resists crack initiation 
and propagation due to the load bearing capacity of 
the �ller material. However, further increase in HNT 
up to 4 wt% leads to agglomeration and formation of 
micro cavities that eventually facilitates further crack 
initiation and its propagation leading to reduction in 
�exural characteristics.

• The inter-laminar shear stress (ILSS) increases by 
63.22%, while the impact strength increases by 72.45% 

Fig. 8  SEM micrographs of tensile fractured surface of a epoxy/HNT (3 wt%) and b epoxy/HNT (4 wt%) nanocomposites
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for 3 wt% of HNT as compared to neat composite due 
to the strong bonding between the �ller and the matrix 
that leads to the formation of a network resisting the 
shearing of the composites and providing an impact 
resistance to the composites selected for the current 
work. However, the characteristics decrease with fur-
ther addition of the nano-�ller up to 4 wt% majorly 
due to crack propagation and subsequent initiation 
due to agglomeration of the HNT in the matrix phase 
that results in de-bonding and de-lamination across 
the surface layers.

• The SEM studies of the fractured surfaces have revealed 
the various failure mechanisms such as micro cracking, 
voids, �ller matrix de-bonding, pulverization of �llers 
and brittle fracture of matrix.
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