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mechanical testers, XRD, TEM, DSC, and TGA. The mechanical test results showed that
the tensile stress, tensile modulus, and impact strength of the nanocomposites
improved with the incorporation of MMT. The XRD results displayed that there are no
isotropic peaks were observed in the nanocomposites with 2, 4, and 6 wt.% of MMT.
The TEM micrographs exhibited that the exfoliated state was achieved in the
nanocomposites with less than 8 wt.% of MMT. The DSC and TGA results also indicated
that the incorporation of MMT had increased the glass transition temperatures and
degradation temperatures of the nanocomposites. In conclusion, the emulsion
dispersion technique could prepare the nylon-6/LNR/MMT nanocomposites with
improved mechanical and thermal properties.
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1. Introduction

Polymer nanocomposite, a type of composite material with the dimension of the reinforcing filler
is in nanometre. The use of polymer nanocomposites has received significant interest in recent years
from industries and academics in order to overcome the disadvantages of polymer microcomposites.
On the other hand, polymer/nanoclay silicate layers nanocomposites could be acquired via the
dispersion of very high aspect ratio clay-type particles in a polymeric matrix [1]. Previous study has
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exhibited that the dispersion of high aspect ratio nanoclay silicate layers caused the improvement of
mechanical properties such as tensile and flexural strengths [2]. The gas permeability barrier, thermal
properties, dimensional stability, and surface appearance also improved with the incorporation of
the nanoclay silicate layers at very low content (between 2 and 5 wt.%) [3]. This is much better than
conventional fillers, for instance, talc, glass fiber and carbon particles [4]. Moreover, incorporation
of the nanoclay silicate layers into a transparent polymer matrix has slightly decreased the light
transmittance, which allows the production of transparent nanocomposite materials [5]. Besides,
nanoclay silicate layers are naturally abundant, inexpensive, and most importantly, it is an
environmentally friendly material [6].

Nanoclay silicate layers, for example, montmorillonite (MMT), is an inorganic material that
commonly disperses poorly in organic matrices [7]; this is because of strong electrostatic forces
between the layers. Furthermore, the hydrophilic nature of MMT does not provide good dispersion
in the hydrophobic polymer phase as well [8]. Thus, one of the ways to overcome this problem is by
modifying the MMT through ion exchange reaction [9]. The reaction occurs when the interlayer
sodium ions between silicate layers are replaced with organic cations, which could change the
hydrophilic silicate surface to organophilic, which known as organosilicates. They are much more
compatible with the hydrophobic polymer matrix as compared to the previous ones [10,11]. Typical
organic cations selected are alkylammonium cations with one or more aliphatic chains of 12 or more
carbon atoms as surfactants. However, organic modification has its disadvantages, whereby it
requires an extra step in the production of polymer/clay nanocomposites. Moreover, the organic
modifiers that are commonly used could degrade at a high temperature, which needed for the
processing of nanocomposites; this causes the silicate layers to recover their hydrophilicity [12].

The nanocomposite researchers have prepared the polymer/clay nanocomposites with different
techniques such as modification of MMT with long alkyl tail surfactants [13,14] as well as the addition
of MMT slurry into the extruder machine during the processing of nanocomposites [15]. Therefore,
in this research, the emulsion dispersion technique was applied to prepare the nanocomposites
without an additional step and not consumed a lot of energy to process. The emulsion dispersion
technique contains an organic solution of polymer, surfactant, and water. The technique was first
introduced for the preparation of homogeneous blends [16,17]. The molecules of surfactant have
polar and non-polar parts, which could act as an intermediary for providing intermolecular
interactions between polymer matrix and filler [18]. By using the emulsion dispersion technique,
MMT can be modified through ion exchange reaction by a surfactant to become organophilic; this
could increase the interlayer or basal spacing of MMT. Additionally, the presence of water could
exfoliate MMT [19] and increase the diffusion of individual silicate layers in the polymer matrix.

The purpose of this research is to demonstrate that the emulsion dispersion technique could
prepare polymer/clay nanocomposites. As far as we are concerned, there are little published articles
pertaining to the application of the emulsion system as a technique for preparation of the
nanocomposites. Thus, in this research, the preparation of nylon-6/LNR/MMT nanocomposites
through emulsion dispersion technique was described, and the mechanical, crystallographical,
morphological, and thermal properties of the prepared nanocomposites were studied.

2. Methodology
2.1 Materials

Nylon-6 was supplied by Ube Nylon in granules form [20]. 2,2,2-trifluoroethanol was purchased
from Fluka (density 1.38 g/cm?3) and chloroform (density 1.48 g/cm?3) was supplied by Sigma Aldrich.
The surfactant used was hexadecyltrimethylammonium bromide (purity >99%), abbreviated as HTAB,
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it was purchased from Sigma Aldrich as well. Pristine sodium montmorillonite (Na-MMT) with a cation
exchange capacity of 100 mequiv/100 g was supplied by Fluka. All chemicals were used as received
without any modifications.

2.2 Preparation of Nylon-6/LNR/MMT Nanocomposites

The preparation of LNR has been described elsewhere [21]. The Na-MMT clay was dispersed and
stirred in 90 wt.% organic solution (2,2,2-trifluoroethanol + chloroform) of nylon-6 for 1 hour at
ambient temperature. The contents of Na-MMT were varied from 2 to 10 wt.%. Then 2 wt.% of HTAB
was added slowly into the mixture, and 8 wt.% of deionized water was poured. They are kept stirred
for another 1 hour to obtain emulsion [17]. After that, the LNR was added drop wise into the emulsion
with stirring at ambient temperature. The composition of the nylon-6/LNR matrix was fixed to 85:15
(wt./wt.). The mixture was then kept under the stirring condition for 3 hours. After dispersion, the
emulsion of nylon-6/LNR/MMT was precipitated by pouring into methanol. The white sediment was
also filtered and washed with methanol. The nanocomposites were dried in a vacuum oven at
elevated temperatures (50°C) for 12 hours. The dried nanocomposites were then pressed between
plates by using a hot press machine [22] with 1- and 3-mm moulds under pressure of 30 kgf/cm? at
200°C for 10 minutes.

2.3 Characterisation

The samples of 1 mm thickness were cut into dumbbell shape following ASTM D638-10 (Type V).
The tensile tests were conducted at room temperature by using a universal testing machine, Instron
(model 5575), with standard test method ASTM D638-10. The loadcell and crosshead speed were 1
kN and 50 mm/min, respectively. The results of tensile stress, tensile modulus, and tensile strain were
recorded. The readings were taken from an average of five samples [23].

The samples of 3 mm thickness were cut into a rectangular shape with a dimension of 13 x3 x 63
mm. The impact test was carried out by using a universal digital pendulum fractoscope, Ceast (model
6546/100), according to ASTM D256-88. The tests were conducted at room temperature. Five
samples were taken for the readings.

The crystallographic character specifically interlayer or basal spacing [24,25] of the pristine Na-
MMT powder and the nanocomposite samples, was determined by using an X-ray diffractometer
(XRD), Bruker (model D8 Advance) with monochromatized CuKa radiation (A=0.154 nm). The samples
were then scanned at a rate of 1°/min, and the range of 26 was from 2° to 12° in 0.02° steps at room
temperature. All samples were dried in a vacuum oven for at least 24 hours [26].

The morphology of the samples was observed by using a transmission electron microscope (TEM),
Philips (model HMG 400) operated at an accelerating voltage of 100 kV. The ultra-thin sections of the
nanocomposite samples were obtained by using a cryo ultramicrotome equipped with a diamond
knife and sliced at -80°C. The samples with a thickness of around 100 nm were viewed on a 300-mesh
copper grid [27]. The TEM micrographs of the samples were taken at room temperature at a
magnification of 125000 X.

The thermal analysis was conducted by using a differential scanning calorimeter (DSC), Mettler
Toledo (model DSC 823¢) under nitrogen flow. All samples were subjected to the following
procedures: the samples were first heated to 200°C to eliminate the thermal history. The analysis
was carried out in a temperature range from -60 to 200°C at a heating rate of 10°C/min to obtain the
glass transition temperature, Ty (midpoint value) of the nanocomposites.
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The thermal stability was studied by using a thermogravimetric analyser (TGA), Mettler Toledo
(model TGA 851¢) under the air atmosphere at a scan rate of 10°C/min, and the temperature range
was from room temperature to 700°C. The ASTM D3850 was applied as a standard to determine the
initial degradation temperature of the nanocomposites (10% of weight loss).

3. Results
3.1 Mechanical Properties

Figure 1 shows the tensile stress, tensile modulus, tensile strain, and impact strength of the nylon-
6/LNR/MMT nanocomposites with different contents of MMT. It is observed that the tensile stress,
tensile modulus, and impact strength properties of the nylon-6/LNR/MMT nanocomposites are
higher than nylon-6/LNR without incorporating MMT. Hence, the incorporation of MMT provided a
reinforcing effect on the nanocomposites since the tensile stress and tensile modulus increased
simultaneously. Conversely, the incorporation of MMT into the nylon-6/LNR decreased the tensile
strain of the nanocomposites, as shown in Figure 1(c), this is as expected. However, the impact
strength of the nanocomposites unexpectedly increased as seen in Figure 1(d), the strain-related
properties, especially impact strength, relatively decreased at high content of MMT [28]. On the
other hand, the tensile stress, tensile modulus, and impact strength properties also increased as the
contents of MMT increase from 2 to 10 wt.%. Therefore, the incorporation of MMT has improved the
mechanical properties of the nanocomposites.

Nevertheless, after incorporation of 6 wt.% of MMT, there is no significant improvement of the
tensile stress, tensile modulus, and impact strength properties of the nanocomposites. The
percentage of water used for exfoliating the modified MMT was fixed to 8 wt.% of the overall nylon-
6 emulsion because it was the optimum percentage [17]. Any changes in the percentage of water
could certainly modify the emulsion system. If the percentage of water more than 8 wt.%, it would
interrupt the compatibility between nylon-6 and LNR due to the excess of water, which could
decrease the interfacial area and increase the interfacial tension between them. On the contrary, if
the percentage of water less than 8 wt.%, it would impede the exfoliation of the modified MMT
because of the negative charge of silicate layers could electrostatically attract with counterions in the
gallery of MMT. Consequently, the nanocomposites with less than 8 wt.% of MMT have a more
significant improvement in mechanical properties compared to the others.

3.2 Crystallographical Properties

Figure 2 displays the XRD patterns of pristine Na-MMT and nylon-6/LNR/MMT nanocomposites
with different contents of MMT. The XRD pattern of the pristine Na-MMT in Figure 2(a) with
characteristic diffraction peak (001) around 8.9° of 26 attributed to 1.00 nm of basal spacing. The
XRD patterns of the nanocomposites in Figure 2(b) to (f) with characteristic diffraction peak (001)
around 8.9° of 20, which belonged to pristine Na-MMT has completely disappeared, this is due to the
absence of pristine Na-MMT in the nanocomposites. On the other hand, the XRD patterns in Figure
2(b), (c), and (d) demonstrate there are no isotropic peaks in the range from 2° to 12° of 26 were
observed in the nanocomposites prepared through emulsion dispersion technique. The absence of
isotropic peaks is due to the silicate layers of MMT have lost their structural gallery. Moreover, the
absence of Bragg diffraction peaks in the nanocomposites revealed that the MMT had been
completely exfoliated.
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Fig. 1. (a) Tensile stress, (b) tensile modulus, (c) tensile
strain, and (d) impact strength of the nylon-6/LNR/MMT
nanocomposites
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Fig. 2. XRD patterns of (a) pristine Na-MMT, nylon-6/LNR/MMT
nanocomposites (b) 2 wt.% of MMT, (c) 4 wt.% of MMT, (d) 6
wt.% of MMT, (e) 8 wt.% of MMT, and (f) 10 wt.% of MMT

Intensity

The XRD patterns of the nanocomposites in Figure 2(e) and (f) present the existence of the new
characteristic diffraction peaks around 7.4° and 2.8° of 26 that corresponded to 1.20 and 3.16 nm of
basal spacing, respectively; this is due to the expansion of the basal spacing of MMT silicate layers
since ion exchange reaction [29] occurred between Na-MMT and HTAB surfactant which has long
alkyl chain (16 carbon atoms). Two sizes of basal spacing indicated that there are two phases in the
nanocomposites, namely HTA-MMT and nylon/LNR phases. The hydrophobic interaction between
long alkyl chains of HTA-MMT increased the expansion of the basal spacing, and the presence of
nylon/LNR has formed the intercalated structure. Although the basal spacing increased, the high
content of MMT hindered the silicate layers to exfoliate entirely. Therefore, there is limitation in term
of MMT content for emulsion dispersion technique on diffusion of silicate layers in the polymer
matrix. Nevertheless, the diffusion of silicate layers in the nylon-6/LNR/MMT nanocomposites was
further observed by using a TEM.

3.3 Morphological Properties

Figure 3 indicates the TEM micrographs of the ultra-thin sections of the nylon-6/LNR/MMT
nanocomposites with different contents of MMT. It is visible in Figure 3(a), (b), and (c) the individual
silicate layers were dispersed randomly in the nylon-6/LNR matrix; this exposed that the MMT was
exfoliated thoroughly in the matrix which was a similar trend with the XRD pattern results. If the
silicate layers of MMT in the nanocomposites are not exfoliated, the obvious peaks could be
perceived in XRD patterns [30]. On the other hand, a few pieces of MMT silicate layers in the matrix
are owing to the microtoming direction, which is not rightly vertical to the surface of the silicate
layers. Additionally, the silicate layers are flexible, and, hence they appeared with some curvatures.
The TEM micrograph in Figure 3(d) revealed that the less exfoliated and more intercalated silicate
layers exist in the nanocomposite with 8 wt.% of MMT. The intercalated state caused by the polymer
matrix inserted within the interlayer of silicates. The TEM micrograph in Figure 3(e) showed that the
wholly intercalated silicate layers were obtained in the nanocomposite with 10 wt.% of MMT
compared to 8 wt.% of MMT. These observations are consistent with the XRD pattern results shown
in Figure 2. Therefore, it also proved that the 8 wt.% of water could exfoliate 2 to 6 wt.% of the
modified MMT. If the MMT content is greater than 6 wt.% in the emulsion dispersion system, the
efficiency of water to exfoliate is unsatisfactory. Thus, the exfoliated and intercalated states of the
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nylon-6/LNR/MMT nanocomposites were confirmed by the XRD and TEM results. In addition, the
TEM results also demonstrated that the nanocomposites with exfoliated state could be prepared
through emulsion dispersion technique. The results are in line with the mechanical test results as
well, whereby the exfoliated state nanocomposites have significant improvement in the tensile
stress, tensile modulus, and impact strength properties as compared to the nanocomposites with
intercalated state.

(a) o (b)

()
Fig. 3. TEM micrographs of ultra-thin sections of the nylon-6/LNR/MMT nanocomposites (a) 2 wt.%
of MMT, (b) 4 wt.% of MMT, (c) 6 wt.% of MMT, (d) 8 wt.% of MMT, and (e) 10 wt.% of MMT

3.4 Thermal Properties

Figure 4 demonstrates the DSC thermograms of the nylon-6/LNR/MMT nanocomposites with
different contents of MMT. The glass transition temperatures, Tgs (midpoint value) of the
nanocomposites are showed in Table 1. It can be observed that the Tgs of the nanocomposites are
higher than T of the nylon-6/LNR without incorporating MMT. The results displayed that the
incorporation of MMT silicate layers has increased the restriction of the polymer matrix chain
movement. Moreover, the Tgs of the nanocomposites drastically increased as the contents of MMT
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increase from 2 to 10 wt.%. Nonetheless, the effect of the nanocomposites structure on Tg is very
significant, especially for the exfoliated state, which varies from an intercalated state. The increment
of the T for the exfoliated state (4 and 6 wt.% of MMT) is considerably large compared with the
increment of the Ty for the intercalated state (8 and 10 wt.% of MMT). However, the nanocomposites
containing more MMT have slightly higher Tg than the lesser ones, thus the MMT content has also
influenced the thermal properties of the nanocomposites. The DSC results of the nylon-6/LNR/MMT
nanocomposites are consistent with the mechanical, crystallographical, and morphological results.
Furthermore, the interaction inside the nanocomposites is probably exist between polymer matrix
and MMT due to the presence of nylon-6 [31].

[
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Fig. 4. DSC thermograms of the nylon-6/LNR/MMT nanocomposites

Table 1

Glass transition temperatures of nylon-6/LNR/MMT
nanocomposites obtained from DSC thermograms
MMT (wt.%) Glass transition temperature (°C)

55.1

59.2

73.3

90.0

94.6

10 100.0

cooh~NO

Figure 5 exhibits the TGA thermograms of the nylon-6/LNR/MMT nanocomposites with different
contents of MMT. The initial degradation temperatures at 10% of weight loss of the nanocomposites
are presented in Table 2; it exhibited that the nanocomposites have higher thermal stability than
nylon-6/LNR without incorporating MMT; this is because silicate layers could avert vaporisation of
the volatile decomposition products. Additionally, the enhancement of the thermal stability of the
nanocomposites is also related to the uniform diffusion of silicate layers in the polymer matrix [32].
It can be seen that the nanocomposites with the exfoliated state (2, 4, and 6 wt.% of MMT) have
more raise of thermal degradation; this is due to their barrier effect [33]. On the contrary, the
nanocomposites with the intercalated state (8 and 10 wt.% of MMT) have less raise of thermal
degradation. However, they still have high thermal stability due to their high content of MMT. It is
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clear that the MMT content as well as interaction between polymer matrix and MMT have also
increased the thermal stability of the nanocomposites. The TGA results are in good agreement with
the results obtained from mechanical tests, XRD patterns, TEM micrographs, and DSC thermograms.
The nylon-6/LNR/MMT nanocomposites that have excellent mechanical and thermal properties
could potentially be applied in production of automotive interior parts [34].
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Fig. 5. TGA thermograms of the nylon-6/LNR/MMT nanocomposites

Table 2
The initial degradation temperatures of nylon-
6/LNR/MMT nanocomposites obtained from TGA

thermograms

MMT (wt.%) Initial degradation temperature (°C)
0 328.1

2 363.3

4 376.2

6 386.5

8 387.7

10 390.3

4. Conclusions

From the obtained results, the incorporation of MMT has improved the tensile stress, tensile
modulus, and impact strength of the nanocomposites. There are no isotropic peaks observed in the
nanocomposites with 2, 4, and 6 wt.% of MMT based on the XRD results. The exfoliated state was
achieved in the nanocomposites with less than 8 wt.% of MMT as perceived in the TEM micrographs.
The incorporation of MMT has increased the glass transition temperatures and degradation
temperatures of the nanocomposites, as indicated in the DSC and TGA results. It could be concluded
that the nylon-6/LNR/MMT nanocomposites with improved mechanical and thermal properties could
successfully be prepared through emulsion dispersion technique. Moreover, this technique is not
only limited to the nylon-6/LNR/MMT nanocomposites, but also possible to be applied in preparation
of other polymer/clay nanocomposites without using plastic compounding machines such as internal
mixer and extruder.
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