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e clay-reinforced epoxy nanocomposite was prepared by the polymerization method. 
e e�ect of clay addition on the
mechanical properties of epoxy/clay nanocomposites was studied through tensile, �exural, impact strength, and fracture toughness
tests.
emorphology and tribology behavior of epoxy/clay nanocomposites were determined by X-ray di�raction (XRD) andwear
test, respectively. 
e wear test was performed to determine the specic abrasion of the nanocomposites. In addition, the water
absorption characteristic of the nanocomposites was also investigated in this study. XRD analysis indicated that the exfoliation
structure was observed in the epoxy nanocomposites with 3wt% of clay, while the intercalated structure was shown at 6wt% of
clay. It was found that the addition of clay up to 3wt% increased the tensile strength, �exural strength, impact strength, and the
fracture toughness. On the contrary, the presence of above 3wt% of clay produced a reverse e�ect. It could be concluded that the
best properties in mechanical, wear resistance, and water resistance were obtained for the epoxy nanocomposites containing 3wt%
of clay.

1. Introduction

Polymer/clay nanocomposites (PCNs) are new class of com-
positematerials, in which clay as a layered silicate is dispersed
in nanoscale size in a polymer matrix [1]. Recently, PCNs
have attracted signicant academic and industrial interest.

is interest stems from the fact that nanosized-layer-lled
polymers can exhibit dramatic improvements in mechanical
and thermal properties at low clay contents because of the
strong synergistic e�ects between the polymer and the silicate
platelets on both the molecular and nanometric scales. 
e
potential properties enhancements of PCNs have led to
increased application in various elds such as the automobile
industry (exterior and interior body parts and fuel tanks),
packaging industry (bottles, containers, and plastic lms),
electronic industry (packaging material and exterior parts
of electronic devices), coating industry (paints, wire enamel
coatings, etc.), and aerospace industry (body parts of airplane
and exterior surface coatings).

Epoxy resins have been widely used as impregnating
materials, adhesives, or matrices for composites because of
their good electric insulating, good chemical resistance, low
shrinkage during cure, good thermal characteristics, and ease
in processing. However, the major problems with the epoxy
resins for engineering applications are their low sti�ness and
strength when compared with metals. One e�ective method
for o�setting these deciencies of pure epoxy is incorporation
of reinforcing llers. Montmorillonite (MMT) clay has been
well documented as the best reinforcement materials for
polymer nanocomposites due to its high aspect ratio, low cost,
and the fact that it consists of layered silicates which can be
inserted individually in nanosize by polymer chains [2].


e dispersion of clay particles in a polymer matrix
results in the formation of three types of composite materials
[3]. 
e rst type is conventional phase separated compos-
ites in which the polymer and the inorganic host remain
immiscible resulting in poor mechanical properties of the
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composite material. 
e second type is intercalated polymer-
clay nanocomposites, which are formed by the insertion of
one or more molecular chains of polymer into the interlayer
or gallery space. 
e last type is exfoliated or delaminated
polymer-clay nanocomposites, which are formed when the
clay nanolayers are individually dispersed in the continuous
polymermatrix. Exfoliated polymer-clay nanocomposites are
especially desirable for improved properties because of the
large aspect ratio and homogeneous dispersion of clay and
huge interfacial area (and consequently strong interaction)
between polymer chains and clay nanolayers.

Most important factors for success in preparing
epoxy/clay nanocomposites are types of epoxy resin and
curing agent/hardener used. Epoxy/clay nanocomposites
based on diglycidyl ether of bisphenol A (DEGBA) resin
have been synthesized using a wide range of curing agents
including triethylenetetramine (TETA) [4], diaminodiphenyl
methane (DDM) [5], diaminodiphenylsulfone (DDS) [6],
and diethyltoluenediamine (DETDA) [7]. However, studies
on the synthesis of epoxy/clay nanocomposites based on
DEGBA resin with a curing agent of polyaminoamide have
not yet been investigated.


e epoxy/clay nanocomposites using a type of epoxy
resin of DEGBA and polyaminoamide as hardener were pre-
pared by using an in situ polymerization method. 
e e�ect
of clay addition to the neat epoxy on the tensile strength,
�exural strength, impact strength, fracture toughness, and
specic abrasionwas investigated in thiswork.
edispersion
of clay particles in the neat epoxy matrix was determined by
using X-ray di�raction (XRD), whereas the fracture surface
was studied using scanning electron microscopy (SEM).

2. Materials and Methods

2.1. Materials. 
e epoxy resin used as the matrix was
DER 331, a bisphenol A diglycidyl ether-based resin
(DGEBA) supplied by Dow Chemical. 
is epoxy resin
o�ers epoxide equivalent weight of 182–192, viscosity

of 11000–14000mPa⋅s, and density of 1.16 g/cm3 at 25∘C.
Polyaminoamide purchased from PT. Justus Kimiaraya,
Semarang, Indonesia, was used as the curing agent/hardener.

e montmorillonite (MMT) clay (Nanomer 1.28E) was an
organosilicate modied by quaternary trimethylstearylam-
monium ions having an approximate aspect ratio of 75–120,
purchased from Nanocor Co., USA.

2.2. Preparation of Epoxy/Clay Nanocomposites. Firstly, the
clay was dried in an oven at 80∘C for 8 hours to remove
water. 
e epoxy resin and clay were mixed with clay varied
from 0, 2, 3, 4, 5, and 6wt% of clay content at 75∘C for
2 hours using mechanical stirrer. 
is mixture then was
degassed by a vacuum oven for 15 minutes. 
e curing agent
of polyaminoamide was added to the mixture of epoxy/clay,
mixed at 75∘C for 5 minutes, and degassed in a vacuum oven
for 3 minutes. 
e mixture of epoxy, clay, and curing agent
was poured into the steelmold and thendegassed in a vacuum
oven for 10minutes. All sampleswere cured in an oven at 80∘C
for 2 hours, followed by postcuring at 150∘C for 2 hours.

2.3. Characterization and Mechanical Properties

2.3.1. XRD Analysis. X-ray di�raction (XRD) measurements
were made directly from clay powder. In the case of the
epoxy/clay nanocomposites, the measurements were carried
out on bars. All these experiments were performed in
re�ection mode using X-ray di�ractometer at a scan rate of
0.3∘/min in a 2� range of 2–10∘ and operated at 30 kV and
20mA.

2.3.2. Water Absorption Test. Specimens (tensile bars) were
dried at 80∘C in an oven until a constant weight was attained
prior to immersion in deionized water at room temperature.
Weight gains were recorded by periodic removal of the
specimen from water bath and weighing on a balance. 
e
percentage gain at any time �, �� as a result of water
absorption was determined by

�� (%) = (�� −��)�� × 100%, (1)

where�� and�� denote, respectively, weight of dry samples
(the initial weight of samples prior to immersion in deionized
water) and weight of samples a�er exposure to deionized
water.

2.3.3. Mechanical Properties

(1) Tensile, Flexural, and Speci�c Abrasion Tests. Tensile
strength was measured by means of tensile test accord-
ing to ASTM D638M using a universal testing machine
(Servopulser, Shimidzu). Tensile test was performed at a
crosshead speed of 10mm/min. Flexural strength was eval-
uated through �exural test by a universal testing machine
(Torsee’s) using three-point bending conguration according
to ASTM D790 at a crosshead speed of 10mm/min. Impact
test was carried out on notched specimens to determine
impact strength using a pendulum hammer impact test
according to ASTM 256-02. Specic abrasion was measured
by wear test using a universal wear machine (Riken-Ogosis).

(2) Fracture Toughness Test. A single-edge-notch 3-point-
Bending (SEN-3PB) test was conducted to obtain the crit-
ical stress intensity factor toughness (	IC) of epoxy/clay
nanocomposites according to ASTM D5045-96 standard
using a universal testing machine (Torsee’s). Rectangular
specimens (thickness 6.35mm, width 12.70mm, span length
50mm, and overall length 56mm) were cut using a vertical
band saw as shown in Figure 1. 
e notches were made rst
by the formation of saw-cut slots having rectangular shape
with a width of ∼1mm in the midsection of specimens and
then by sharpening with a fresh razor blade. 
e total notch
length of SEN-3PB specimen was 5.5mm deep. 
e fracture
toughness test was performed on a universal testing machine
(Servopulser, Shimadzu EFH-EB20-40L) at crosshead speed
of 10mm/min. 
e load-displacement curves were recorded
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Figure 1: SEN-3PB specimen geometry used for the fracture
toughness test.

and the maximum loads upon fracture were used to deter-
mine the 	IC value, which is dened by [8]

	IC = �3�√�2��2 , (2)

where � is the shape factor, P is the maximum load,  is the
length of the span, � is the specimen thickness, W is the
specimen width, and � is the total notch length (produced by
saw and fresh razor blade). For specic specimen geometry,
the shape factor can be determined by the following equation

� = 1.93 − 3.07 ( ��) + 14.53(
�
�)
2

− 25.11( ��)
3
+ 25.8( ��)

4
.

(3)

2.3.4. Scanning Electron Microscopy (SEM). 
e fracture
surface of SEN-3PB specimens of epoxy/clay nanocomposites
was investigated using SEM (JEOL SEM) at an acceleration
voltage of 12 kV. 
e fracture surface was sputter-coated
with a thin gold-palladium layer in a vacuum chamber for
conductivity before examination.

3. Results and Discussion

3.1. XRD Analysis. It was well known that the structure of
polymer/clay nanocomposites has typically been established
usingX-ray di�raction (XRD) analysis and transmission elec-
tron microscopy (TEM) observation. Due to its easiness and
availability, XRD is themost commonly used tool to probe the
nanocomposite structure. By monitoring the position, shape,
and intensity of the basal re�ections from the distributed
silicate layers, the nanocomposite structure (intercalated or
exfoliated)may be identied. In an exfoliated nanocomposite,
the extensive layer separation associated with the delami-
nation of the original silicate layers in the polymer matrix
results in the eventual disappearance of any coherent X-
ray di�raction from the distributed silicate layers. On the
other hand, for intercalated nanocomposites, the nite layer
expansion associated with the polymer intercalation results
in the appearance of a new basal re�ection corresponding to
the larger gallery height.
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Figure 2: XRD patterns of neat epoxy and its nanocomposite with
3 and 6wt% of clay.

Figure 2 presents the XRD patterns of clay, neat epoxy,
and the epoxy nanocomposites containing 3 and 6wt% of
clay. For clay, the sharp peak at 2� = 3.54∘ (�-spacing =
2.49 nm) is assigned to the (001) basal plane, which cor-
responds to an interlayer spacing of the clay. 
e absence
of sharp peak in the epoxy nanocomposite with 3wt% of
clay suggests the formation of an exfoliated structure a�er
in situ polymerization [7]. It means that the exfoliated
nanocomposite was obtained for a system with 3wt% of clay.
In terms of intensity of the XRD pattern for below 2� = 4,
the epoxy nanocomposite with 6wt% of clay showed higher
intensity compared to the system with 3wt% of clay. 
is
indicated that the intercalated structure or agglomerated of
clay may be formed in the epoxy nanocomposite with 6wt%
of clay.

3.2. Water Absorption. Figure 3 shows the percentage of
water absorbed by the neat epoxy and its nanocomposites
with di�erent clay content as a function of immersion time.
A similar behavior for all samples was observed, where the
water uptake increased rapidly during the initial stage (about
1–20 days) and then leveled o�. A�er about 131 days, the
water uptake approached a maximum value, known as the
saturate point. From Figure 3, it can be seen that the epoxy
nanocomposite containing 3wt% of clay exhibited the lowest
value in the saturated amount of absorbed water, that is,
1.48%, indicating the best barrier properties. 
e exfoliated
structure as previously discussed in XRD results may be
believed to be responsible for the lowest saturated amount
of absorbed water in the epoxy nanocomposite with 3wt%
of clay. In the exfoliated structure, the silicate layers of clay
dispersed in the nanometer in a polymer matrix can create
a tortuous pathway for water molecules to di�use into the
composites [9]. Vlasveld et al. [10] reported that the speed of
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Figure 3: Water uptake of neat epoxy and its nanocomposites with
di�erent clay content as a function of immersion time.

moisture absorption in the polyamide 6/clay nanocomposites
was reduced with increasing amounts of exfoliated silicate,
due to barrier properties. Because of the high aspect ratio and
large surface area of the exfoliated silicate layers, the silicate
layers acted as e�cient barriers against transport through
the material. Several studies showed that the maximum
water absorption of a polymer system decreased due to the
presence of nanoller [3, 11]. Becker et al. [11] reported a
reduction in maximum water uptake for di�erent types of
epoxy systems reinforced with layered silicate. On the other
hand, the highest saturated amount of absorbed water was
obtained for the nanocomposite with 6wt% of clay. 
is
may be attributed to the intercalated silicate layers of clay
which lead to the decrease in the tortuosity e�ect in the
nanocomposite with 6wt% of clay.
e di�usivity value of the
exfoliated nanocomposites was lower than that of intercalated
nanocomposites based on a polyamide 6/clay system.

3.3. Mechanical Properties. Figure 4 shows the e�ect of clay
addition on the tensile strength of epoxy nanocomposites.
It can be seen that the presence of clay up to 3wt% has
increased the tensile strength of the neat epoxy. However,
beyond 3wt% of clay, the addition of clay resulted in a drastic
reduction in the tensile strength. In this study, the optimum
clay loading was obtained at 3 wt%. It is interesting to note
that the presence of 3 wt% of clay has improved signicantly
the tensile strength by 41%. 
e increase in tensile strength
may be attributed to the formation of exfoliated structure for
epoxy nanocomposites with 2 and 3wt% of clay.
is result is
attributed to the XRD result as previously mentioned. In the
exfoliated structure, individually silicate layers in nanometer
size are dispersed uniformly in the polymer matrix with
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Figure 4: E�ect of clay content on tensile strength of epoxy/clay
nanocomposites.

high aspect ratio. 
e high aspect ratio of nanoclay may
also increase the tensile strength by increasing the nanoller
contact surface area on the polymer matrix. Large numbers
of reinforcing nanoclay platelets presented in the polymer
matrix act as e�cient stress transfer agents in the nanocom-
posites, inducing plastic deformation into the base polymer,
and nally increase the tensile strength [12]. Furthermore,
the intercalated structure or agglomerated clay particles
that occurred for the epoxy nanocomposites with high clay
content (above 3wt%) was believed to be responsible for
the decrease in tensile strength. 
is intercalation structure
leads to low aspect ratio of clay platelets and low contact
surface area, resulting in weak adhesion between polymer
matrix and clay, in which subsequently lower their tensile
strength. In addition, this behavior was probably attributed
to the ller-ller interaction which resulted in agglomerates,
induced local stress concentration, and nally reduced tensile
strength of the nanocomposites. Similar results were found
by several previous researchers. Zhang et al. [13] reported
that the tensile strength was increased by the addition of
up to 3wt% and however decreased for above 3wt% of clay
content for epoxy/clay nanocomposites with DEGBA resin
and a curing agent of tetrahydro acid anhydride.
epresence
of 3 wt%of clay resulted in an improvement in tensile strength
by 20.1%. Wang et al. [6] found that the tensile strength was
increased by 25%with addition of 2wt % of clay, but dropped
with further increasing of clay content for the epoxy/clay
nanocomposites using DEGBA resin and a curing agent of
DDS.


e e�ect of clay addition on the �exural strength of
epoxy nanocomposites is presented in Figure 5. A similar
behavior to that of the tensile strength was observed. 
e
introduction of clay up to 3wt% improved the �exural
strength and however above 3wt% of clay content reduced
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Figure 5: E�ect of clay content on �exural strength of epoxy/clay
nanocomposites.

the �exural strength. 
e exfoliated structure observed for
the nanocomposites containing up to 3wt% of clay content
is believed to be responsible for the observed trend. In the
exfoliated nanocomposites, the interfacial bonding between
the nanoclay ller and the epoxy matrix is improved, thus
increasing the surface area of matrix/nanoclay interaction.
As a result, this leads to good stress transfer from the
matrix to the nanoclay, thus resulting in improved �exu-
ral strength [14]. 
e decrease in �exural strength above
3wt% of clay content was probably due to the presence of
agglomerated clay particles, which possibly acted as stress
concentration sites and caused a decrease in the �exural
strength of the nanocomposites [15, 16]. In a similar study,
Kaynak et al. [17] investigated the �exural strength of nan-
oclay (Na-montmorillonite) based epoxy nanocomposites.
Results showed an improvement in �exural strength and
fracture toughness with maximum value at 0.5% nanoclay
loading due to the exfoliation structure of clay. Chow et
al. [15] studied that the e�ect of addition of organoclay
on the �exural strength in injection-molded polyamide
6/polypropylene nanocomposites. 
eir results showed that
the �exural strength was increased with an increasing up
to 4 phr organoclay loading and, however, above 4 phr led
to reduction in �exural strength. 
e increase in �exural
strength at up to 4 phr organoclay loadingmight be attributed
to the exfoliated structure.On the other hand, the intercalated
or agglomerated silicate layers of clay were believed to be
responsible for the decrease in �exural strength at above
4 phr.


e impact strength of epoxy nanocomposites as a func-
tion of clay content is presented in Figure 6. It is clear that the
impact strength of the nanocomposites was increased with
the clay content up to 3wt%. Beyond 3wt% clay content,
the impact strength was decreased drastically with the clay
content in the nanocomposites.
e maximum improvement
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Figure 6: E�ect of clay content on impact strength of epoxy/clay
nanocomposites.

in impact strength was obtained at 3 wt% of clay content
with increment of 95%. 
is indicated that the clay has more
e�ective toughening agent especially for 3 wt% of clay. 
e
increase in impact strength may be related to the exfoliated
silicate layers of clay in the neat epoxy matrix as shown in
XRD results. In the exfoliated structure, individually silicate
layers in nanometer size are dispersed uniformly in the neat
epoxy matrix with high aspect ratio.
e nanoclays may have
a good toughening e�ect acting as e�cient crack stoppers
and form a tortuous crack propagation path resulting in
higher impact strength [18]. Furthermore, the intercalated
or agglomerated silicate layers of clay were believed to be
responsible for the reduction in impact strength for the epoxy
nanocomposites containing above 3wt% of clay content.
Zhang et al. [13] reported that the impact strength was
improved with the presence of clay up to 3wt%, and beyond
3wt% of clay content the impact strength was drastically
reduced in the epoxy/clay nanocomposites.


e e�ect of clay addition on the fracture toughness of
epoxy nanocomposites was shown in Figure 7. 
e fracture
toughness of the neat epoxy was improved by the presence
of clay up to 3wt%. However, the presence of more than
3wt% of clay has made the epoxy nanocomposites more
brittle. A similar trend to that of the impact strength (cf.
Figure 6) was observed. 
e optimum toughness of the
epoxy nanocomposites was achieved for the content of
3 wt% clay, where its improvement was 19% compared to
the neat epoxy. 
e exfoliated structure is believed to be
responsible for the improvement in fracture toughness. 
e
individually silicate layer nanosized may be able to resist the
crack propagation and nally increase the fracture tough-
ness. At high content of clay (>3wt%), the agglomerated
clay particles may act as initial crack and then reduce the
fracture toughness. Liu et al. [19] investigated the e�ect
of clay addition on the fracture toughness for epoxy/clay
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Figure 7: E�ect of clay content on fracture toughness of epoxy/clay
nanocomposites.

nanocomposites using epoxy resin type of tetraglycidyl-
4,4-diaminodiphenylmethane (TGDDM) cured with DDS.

ey reported that the fracture toughness based on value
measurement of critical stress intensity factor (	IC) and
critical energy release rate (�IC) was dramatically increased
by the addition of up to 4.5 wt% of clay due to the better clay
dispersion. However, the fracture toughness was decreased
with further increasing of clay content.Wang et al. [6] studied
the fracture toughness of nanocomposites based on DEGBA
epoxy resin and a curing agent of DDS. 
ey found that the
	IC and�IC valueswere improved by 77% and 190% for 2wt%
of clay content, respectively. However, the fracture toughness
was reduced with further addition of clay.

Figure 8 shows the specic abrasion of epoxy nanocom-
posites as function of clay loading. It was found that the
addition of clay up to 3wt% has reduced drastically the
specic abrasion of the neat epoxy. On the other hand, the
more addition of clay has improved the specic abrasion.

e characteristic of structure in the nanocomposites may be
attributed to the behavior of the specic abrasion of the epoxy
nanocomposites. Again, the exfoliated structure in the epoxy
nanocomposites with 2 and 3wt% of clay content reduced the
specic abrasion. 
e best abrasion characteristic was also
achieved for the epoxy nanocomposite with 3wt% of clay.

e increase in specic abrasion for the nanocomposites with
above 3wt% of clay content was due to the agglomerated clay
particles acting as stress concentration sites and reduced the
specic abrasion value.

3.4. SEM Observation. Figures 9(a) and 9(b) show the SEM
micrographs of SEN-3PB fracture surface of neat epoxy
composite and its nanocomposite containing 3wt% of clay,
respectively. From Figure 9(a), it can be seen that the neat
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Figure 8: E�ect of clay content on specic abrasion of epoxy/clay
nanocomposites.

epoxy exhibited a relatively smooth fracture surface indi-
cating very fast and straight crack propagation [14]. 
is
indicates a typical fractography feature of brittle fracture
behavior, thus accounting for the low fracture toughness
of the neat epoxy. However, it is evident that the presence
of clay in the epoxy nanocomposites with 3wt% of clay
increased the roughness of the fracture surfaces (Figure 9(b)).
An increase in fracture surface roughness is an indicator of
crack de�ection mechanism, which increased the absorbed
energy of fracture by increasing the crack length during
deformation [14]. 
is conrmed a higher 	IC value for the
nanocomposite with 3wt% of clay than that for neat epoxy.
In addition, the higher 	IC value may also be attributed to
the stress disturbance caused by the clay particles. 
ese clay
particles acted as obstacles, causing the crack to take a more
tortuous part, manifesting a meandering crack trajectory. Liu
et al. [7] reported that more than one tougheningmechanism
usually occurs in the epoxy/clay system such as shear yielding
of thematrix, crack de�ection,micro voiding, and debonding
between clay and epoxy.

4. Conclusion

Epoxy/clay nanocomposites were successfully prepared by
using polymerization methods. 
e optimum properties of
tensile strength, �exural strength, impact strength, fracture
toughness, and specic abrasion were obtained for the
epoxy nanocomposites containing 3wt% of clay. 
e tensile
strength, �exural strength, impact strength, and fracture
toughness were increased by 41, 20, 95, and 19%, respectively.

is result was attributed to the formation of exfoliation
structure in the nanocomposite with 3wt% of clay as indi-
cated by the XRD pattern.
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(a) (b)

Figure 9: SEM micrographs of SEN-3PB fracture surface of: (a) neat epoxy. (b) Epoxy/clay nanocomposite with 3wt% of clay content.
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