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Abstract
The use of radiation technique to process nanostructured materials or to produce

nanostructured materials have been shown technically superior as alternative and viable
techniques for further commercial exploitation. Research on radiation processing of
nanocomposites have been initiated at the Radiation Processing Technology Division of
MINT in the past three years. The main focus of this research is to utilize indigenous
natural polymer for production of nanocomposites material. Natural rubber/clay composites
and thermoplastic natural rubber/clay composites are the important materials that under
studied.

The natural rubber used in this work is of grade SMRL (Standard Malaysian Rubber)
and the clay used was sodium montmorillonite modified with various types of cationic
surfactants in order to make the galleries hydrophobic and thus more compatible with the
elastomer. The natural rubber/clay nanocomposites were prepared by melt mixing. The
compound was then irradiated using electron beam at optimum dose of 250 kGy. X-ray
diffraction results indicated intercalation of the natural rubber into silicate interlayer. Upon
irradiation at 250 kGy, the tensile strength of the NR/Na-MMT nanocomposites constantly
reduced slightly with increasing clay loading, whereas the tensile strengths of NR/DDA-
MMT and NR/ODA-MMT increases to optimum levels, 12.1 MPa and 9.5 MPa
respectively at 3 phr clay contents. On the other hand, the elongation of NR/DDA-MMT
nanocomposites is less affected with increasing clay content up to 3 phr.

1. Introduction to nanomaterials
In recent years there is a wide spread interest in development of nanostructured

materials. The vast commercial potential of nanostructured materials has attracted the
interest of the industry, academic institutions and government laboratories. The term
nanostructured materials usually refer to "solids or thin film in which either the
fundamental building block or the microscopic order are nanostructured". Generally,
nanostructured material is defined as particles, grains, functional structures or devices with
dimensions of < 100 nanometers. Increasing interest in this kind of particles size is
attributed to the high surface to volume ratio. These kinds of materials are expected to
demonstrate a unique mechanical, optical, electronic and magnetic property.

The approach to produce nanostructured materials and devices are categorized by
many scientists as 'top-down' and 'bottom-up' approached. Bottom-up means building
larger objects from smaller building blocks. It involves the initial formation of the
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nanostructured molecules and atoms and their assembly into the final materials. Self-
assembly is one of the most important bottom-up ways of creating nanostructures. Self-
assembly consists of the spontaneous integration of the components bouncing in a solution,
gas phase or interface until a stable structure is reached. Bottom-up approaches usually take
place and inspired by chemical and biological systems.

The other important approach is still now vigorously promoted by scientists is 'top-
down'. Top-down refers to the approach that begins with appropriate starting materials (or
substrate) that is then 'sculpted' to achieve the desired functionality. This method is similar
to that used by the semiconductor industry in fabricating devices out of a substrate by the
methods of electron beam lithography and reactive ion etching. Another typical top-down
approach is the 'ball-milling' technique, which involves the formation of nanostructure
building blocks via controlled, mechanical erosion of the bulk starting substance. Those
nano-building blocks are then subsequently assembled into a new bulk material.

2. Polymer clay nanocomposites
Among the large number of inorganic layered materials that exhibit intercalation

capabilities, layered silicates are one of the most typical because of the versatility of the
reactions. In particular, the smectite group of clay minerals such as montmorillonite,
sponite and hectorite has mainly been used because they have excellent intercalation
abilities. The combination of clay silicate layers and polymer matrices at nanoscale level
constitutes the basis for preparing an important class of inorganic-organic nano-structured
materials.

The clay such as montmorillonite consists of a dioctahedral aluminum sheet
sandwiched between two silica tetrahedral sheets in a layer structure that is ~ 1 nm thick
(Figure 1). Stacking of the layers leads to a regular Van der waal's space between the layers
called interlayer. Clay has the ability to undergo extensive interlayer expansion or swelling,
exposing a large active surface area, permitting guest molecules to enter into the interlayer.
Interlayer cations such as Na+, Ca4^, and K+ exist on the internal surfaces but can be
exchanged with alkyl ammonium cations to give surfaces that are less ionic or polar [1].
Such organically modified interlayers are more easily penetrated by polymers (either in the
molten state or in solution) or by monomers that are subsequently crosslinked or
polymerized chemically or by using radiation. In the process of polymer-clay
nanocomposite synthesis, it is important to ensure the compatibility of the entering
polymer/monomer (hydrophobic) with the clay surface interlayer (ionic) by using
intermediate such as exchangeable organic based cations, intercalation agent or
compatibilizer. Figure 2 shows the overall process of preparing nanocomposites based on
clay and polymer/monomers.

The entering polymer molecules into the interlayer can either simply increase the
distance between the still-parallel layers in an intercalation process or randomly disperse
the separate layers entirely in an exfoliation. In conventional composites, the registry of the
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clay nanolayers is retained when mixed with the polymer, but there is no intercalation of
the polymer into the clay structure. Consequently, the clay fraction in conventional clay
composites plays little or no functional role and acts mainly as a filling agent for economic
considerations. An improvement in modulus is normally achieved in conventional clay
composite, but this reinforced benefit is usually accompanied with a sacrifice in other
properties such as strength or elasticity.
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Figure 1. Structure of montmorillonite [2]
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Figure 2. Schematic view of preparation of methods for polymer
intercalation compounds [3]

Two types of polymer-clay nanocomposites are possible, i.e. intercalated
nanocomposites and exfoliated nanocomposites. Intercalated nanocomposites are formed
(Figure 3) when one or a few molecular layers of polymer are inserted into the clay
interlayer with fixed interlayer spacing. Exfoliated nanocomposites are formed when the
silicate nanolayers are individually dispersed in the polymer matrix, the average distance
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between the segregated layers being dependent on the clay loading. The separation between
the exfoliated nanolayers may be uniform or non-uniform. Exfoliated nanocomposites
show greater phase homogeneity than intercalated nanocomposites. More importantly each
nanolayer in an exfoliated nanocomposites contribute fully to interfacial interaction with
the matrix. This structural distinction is the primary reason why the exfoliated clay state is
especially effective in improving the reinforcement and other performance properties of
clay composite materials.

(»)<*»veatioi»l Composite <"> Iwertdated Nsnoeompojiie (c) Eifutiued NwocompoJite

Figure 3. Schematic illustration of the structure (a) conventional
(b) intercalated and (c) exfoliated (41

The first such clay-based nanocomposites were synthesized by a Toyota research
group [5,6] using a polyamide as the polymer matrix. The work was expanded with various
polymers and these include polypropylene [7-9], ethylene propylene diene monomer
(EPDM) [10], styrene [11], poly (methyl methacrylate) [12], Ethylene vinyl acetate [13]
and many others. The nanocomposites showed major improvements in physical and
mechanical properties, heat stability, reduce flammability and provide enhanced barrier
properties at low clay contents.

Several works on synthetic rubber and natural rubber/clay composite cured by sulfur
or peroxide have been reported. Okada et al. [14] showed that sulfur cured acrylonitrile
butadiene rubber (NBR) with 10 phr organoclay had comparable tensile strength to
compound loaded with 40 phr carbon black. Meanwhile, Arroyo et al. [15] showed that the
blending of 10 phr octadecyl amine modified montmorillonite with natural rubber is
enough to obtain the same mechanical behavior as the compound with 40 phr carbon black.
Usuki et al. [16] studied ethylene-propylene-diene (EPDM)/clay hybrids by a vulcanization
process using several vulcanization accelerators. Silicate was exfoliated and uniformly
dispersed but the gas permeability of the hybrid reduced 30 % as compared to pristine
EPDM. Vu et al., [17] found organic modification of clay facilitated the intercalation of the
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synthetic cis-l,4-polyisoprene and ENR into the clay gallery thus increased the tensile and
modulus properties of the compound cured by sulfur. Changwoon et al. [18] observed
totally different tear morphology for acrylonitrile-butadiene rubber/clay nanocomposites
cured with peroxide.

3. Electron beam crosslinking of natural rubber/clay nanocomposites
In Malaysia research on polymer and polymer blend/clay nanocomposites have

attracted many researches at Universities and Research Institutes. Polymer and polymer
blend that of interest are natural rubber/clay, epoxidised natural rubber/PVC blend/clay,
LDPE/clay, fibers reinforced polymer/clay nanocomposites. Study at MINT indicates that
radiation processing has great potential to be utilized in the processing of nanocomposites
materials via crosslinking of the polymer matrix or grafting of the nanoparticles onto the
backbones of the polymer molecules. The blend of natural rubber with thermoplastic and
nanosized particles (clay or magnetic particles) will add further dimension to the study of
radiation processing of nanocomposites based on natural rubber. Other workers have
studied in situ intercalative polymerization for poly (methyl methacrylate)/clay
nanocomposite by gamma radiation [19].

In this study, Natural rubber (NR) of SMRL grade was used together with Sodium
Montmorillonite (Kunipia F) purchased from Kunimine Ind. Co. Japan. Surfactants such as
Dodecyl, and octadecylamine were purchased from Merck. Organophillic clay MMT was
prepared by cationic exchange process of sodium montmorillonite in Dodecyl or Octadecyl
ammonium chloride aqueous solution. Natural rubber/clay nanocomposites with different
contents of the organically modified clays were prepared by melt mixing using Haake
internal mixer.

3.1 XRD analysis for characterization NR/clay nanocomposites
The dispersion of the silicate layer in NR matrix was measured with the X-ray

diffractometer. The XRD results show on the regular arrangements of silicate layers in both
pristine or intercalated forms and the irregular arrangements in the case of complete
exfoliation of the layers. Fig. 4 shows the XRD pattern for Na-MMT and the corresponding
pattern of the NR/Na-MMT nanocomposites with various amount of unmodified clay in the
range of the diffraction angle 29 = 2-10°. The Peak of Na-MMT (1.22 ran) shifts slightly to
1.38, 1.32, 1.31 and 1.25 nm for NR containing 1, 3, 5 and 10 phr Na-MMT. As expected
the hydrophilic nature of the Na-MMT is hardly intercalated by the natural rubber. The
unmodified Na-MMT particles are simply incorporated into the NR matrix in an
agglomerated state resulting an opaque appearance of the natural rubber sheets.
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Fig. 4 XRD pattern of Na-MMT and NR/Na-MMT nanocomposites
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Fig. 5 shows the XRD pattern for DDA-MMT and the corresponding pattern of the
NR/DDA-MMT nanocomposites with various amount of modified clay in the range of the
diffraction angle 29= 2-10°. For all concentration of DDA-MMT, three peaks appeared at
around 3.29-3.90, 1.50-1.70 and 1.20-1.30 nm. Two of them are below the initial value of
DDA-MMT (1.73 nm). The peak corresponding to 1.50-1.70 is probably due to the re-
aggregation of the silicate layers during the melt mixing process. While the peak
corresponding to 1.20-1.30 may be attributed to unmodified part of the DDA-MMT. On the
other hand, the peak at dooi= 3.29-3.90 nm demonstrates the pronounced intercalation of
NR into the hydrophobic silicate layers.

Fig. 5 XRD pattern of DDA-MMT and NR/DDA-MMT nanocomposites
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The summary of the intercalated silicate clay layer (dooi, nm) obtained from the above
XRD analysis is given in Table 1.

Table 1. XRD analysis of NR/modified MMT nahocomposites

Organoclay
composites /clay
content
Na-MMT
DDA-MMT
ODA-MMT
NR/Na-MMT
NR/DDA-MMT
NR/ODA-MMT

dooi spacing (nm)

Ophr
1.22
1.73
2.90
-
-
-

lphr

1.38
3.99,1.74,1.31
1.87, 1.31

3phr

1.32
3.60,1.70,1.35
4.07,1.94,1.29

5 phr

1.31
3.47, 1.64, 1.35
3.69, 1.89, 1.27

lOphr

1.25
3.29, 1.50, 1.20
3.64,1.86,1.25

3.2 EB irradiation of NR/clay nanocomposites
Gel content

In order to study the efficiency of radiation crosslinking on the natural rubber/organo-
clay nanocomposites, the gel content of NR/Na-MMT, NR/DDA-MMT and NR/ODA-
MMT nanocomposites irradiated at 250 kGy were determined and the results are plotted in
Fig. 6. The figure shows that the gel content of NR/DDA-MMT and NR/ODA-MMT are
almost unchanged with the increase of clay content up to 5 phr and it is start to decrease
with further addition of clay. However, the gel content is still high and above 90% for clay
content up to 10%. These results indicate that the presence of DDA-MMT and ODA-MMT
up to 10 phr in NR does not affect significantly the formation of the radiation induced
crosslinking network.
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Fig. 6 Gel content of NR/clay irradiated at 250 kGy
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Fig. 6 also shows that the gel content of NR/Na-MMT is much lower than NR/DDA-
MMT and NR/ODA-MMT which indicate that the presence of Na-MMT in the rubber
matrix inhibit to some extent the formation of rubber crosslinking network. The
agglomeration structure of Na-MMT in rubber matrix acts as incompatible particle fillers
that may reduce the radiation effects or scavenge the NR-radicals network formation.

Mechanical properties
The relationship between tensile strength with the clay content for NR/Na-MMT

composites and NR/DDA-MMT, NR/ODA-MMT nanocomposites irradiated at 250 kGy
are shown in Fig. 7. It is apparent from Fig 6 that upon irradiation the tensile strength of
natural rubber decrease slightly with the addition of Na-MMT up to 10.0 phr. The poor
compatibility between Na-MMT and natural rubber lead to poor adhesion between the
matrix and the reinforcing materials thus no improvement in tensile strength was observed
[20].

The tensile strengths of irradiated NR/DDA-MMT and NR/ODA-MMT
nanocomposites as showed in Fig. 7 exhibit the same trend with the increasing clay
contents. Both composites show optimum tensile strengths at around 3.0 phr clay content.
This clearly indicates that the intercalation of NR into the clay silicate layers has improved
the compatibility of the two materials that resulted in increase in tensile strength. However,
at higher clay content, i.e. >3.0 to 10.0 phr, the tensile strengths slightly decrease and
remain constant with increasing clay content. The drop in tensile strength at higher
concentration of DDA-MMT and ODA-MMT may be due to the aggregation of the clay as
indicated in the XRD analysis, which lead to the formation of weak point in the natural
rubber matrix consequently reduce the elastomer strength [20, 21]. However, the effects of
clay aggregation may be offsets by the crosslinked natural rubber matrix that are able to
keep the strength of the composites constant.

The optimum tensile strength of NR/DD-MMT nanocomposite was 12.1 MPa
whereas 9.5 MPa for NR/ODA-MMT in comparison with 8.5 MPa for NR/Na-MMT.

As the tensile strength increases for both NR/DDA-MMT and NR/ODA-MMT
nanocomposites, the elongations are expected to drop as shown in Fig. 8. However, the
elongation of NR/DDA-MMT nanocomposites seems to have less impact up to 3 phr clay
content compare to NR/ODA-MMT and after which the elongation drop drastically.
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Fig. 7 Tensile strength of NR/clay nanocomposites irradiated
at 250 kGy
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Fig. 8 Elongation at break for NR/Clay nanocomposites
irradiated at 250 kGy

Conclusion

The natural rubber/organo-clay intercalated nanocomposites were successfully
prepared via melt mixing method as proven by the XRD pattern. NR/DDA-MMT and
NR/ODA-MMT cured by EB irradiation at 250 kGy, show excellent improvement in
tensile strength and maintain the elongation at break property up to 3.0 phr clay content.
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