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ABSTRACT: Ethyl vinyl acetate (EVA) copolymers are potential materials for biomedical applications due to their exceptional mechani-

cal properties and biocompatibility. As new medical device designs continue to reduce in size, new materials are required that exhibit

improved strength and toughness. In this research, EVA nanocomposites containing synthetic montmorillonite (MMT) are being

investigated as new biomedical materials with similar flexibility, biocompatibility, and biostability to neat EVA, but with far superior

tensile strength and toughness. We show that the pre-dispersing of the organo-MMT prior to melt compounding with the EVA

matrix can facilitate nanofiller exfoliation and dispersion in the EVA, thereby enabling significant improvement of EVA nanocompo-

site performance when high organo-MMT loading (5 wt %) was added. It was observed that the polarity of pre-dispersing medium

influenced the nanofiller’s surfactant organization and distribution, organo-MMT exfoliation, and dispersion in the EVA, and also

interphases of the host copolymer. Consequently, changes in morphology have brought noticeable effects on the mechanical and ther-

mal properties of the EVA. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43204.
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INTRODUCTION

The research on polymer-nanoclay based nanocomposites has

gained momentum recently with the efforts to obtain high per-

formance materials. The nanoclays are attracting considerable

interest as nanofiller material as they can provide vastly superior

reinforcement efficiency due to their high aspect ratio and a

greater surface area to mass ratio. The incorporation of nanoclays

into the host polymeric materials were reported to result in

enhanced mechanical and barrier properties,1–3 biostability,4–6

biocompatibility,4,6 thermal stability,7,8 and flame retardancy9,10

when compared with neat polymer.

Nanoclays in their pristine form are hydrophilic, thus incompati-

ble with most polymers.11 Their nanoplatelets tend to undergo

face to face stacking, forming tactoids. These factors make the

intimate contact between the polymer matrix and the nanoclay

difficult.1,11 The most critical issue in polymer nanocomposite

containing nanoclay filler is to breakdown/exfoliate the tactoids

to the scale of individual particles during the dispersing process to

form “true nanocomposite.” Fully exfoliated and well-dispersed

nanoclay are vital to enhance the thermal, mechanical, and barrier

properties of the resulting nanocomposites. Surface modification

of the nanoclay with organic surfactants is the most widely

applied method to render nanoclay miscible with polymer matri-

ces, making intercalation of the polymer possible during the com-

pounding process. Consequently, the exfoliation and dispersion

of the nanoclay can be facilitated inside the host polymer.11,12

Even though this ion exchanged method may enhance the com-

patibility between the clay and the polymer matrix, previous

researches suggest that fully exfoliated structure is difficult to

achieve, even when surface modified.1,2,4–6 Direct melt com-

pounding methods such as extrusion and internal mixing could

not promise the production of fully exfoliated nanoclays with

appreciable dispersion quality, even though the screw or mixing

blade is capable to provide shear forces to break up large tac-

toids.1,2,4–6 Hence, the intercalated nanocomposite system was

frequently obtained rather than exfoliated structure. Previous

work by Andriani et al. suggests that the poorly-dispersed organ-

clays are more likely to leach out and pose safety risk as compared

to the well-dispersed organoclays, due to their high tendency of

forming large tactoids, which can easily phase separated from the

host polymer.4 For these reasons, there is an urgent need for fur-

ther improving the processing method toward optimization of

nanoclay delamination (exfoliation) and dispersion in the host
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material. Vigorous stirring and adequate shear energy might be

needed in order to break the tactoids and fully exfoliate this par-

ticular nanofiller for better dispersing ability inside the polymer

matrix. One possible way is to create loosely packed nanoplalelets

or swell nanoclay layers prior to melt compounding with the

polymer. Therefore, we have postulated that pre-dispersing of the

nanoclay in liquid medium prior to melt compounding with

polymers may weaken the tactoid bonding and further facilitate

the exfoliation and dispersion of the nanoclay during the melt

compounding process. Previous researches proved that the swel-

ling of the organoclays can be achieved by dispersing them in

both polar and non-polar molecules, as their inter-galleries is sen-

sitive to the absorption of both types of ancillary molecules.13–15

The non-polar organic solvents such as toluene can be efficiently

solubilized within the inter-galleries of the organo-MMT due its

polarity matching with the organic surfactant used to surface

modify the nanoclay. The polar liquid such as water can induce

dipoles at the silicate surface, thereby providing driving force for

the swelling process through the dipolar repulsion.13–15 However,

literatures suggest that there was no research concerning the bene-

fits and effects of polar and non-polar pre-dispersing medium on

the morphology and properties of melt compounded polymer

nanocomposites thus far. Therefore, our current works intend to

investigate the effectiveness of this pre-dispersing technique in

enhancing the exfoliation and dispersion ability of the organoclay

filler in the polymer matrix by specifically comparing the effects

of both polarity different swelling mediums on the morphology

and properties of the resulting nanocomposites.

In this research, ethylene vinyl acetate copolymer (EVA) was

used as the matrix material. EVA copolymer is produced from

ethylene (non-polar) and vinyl acetate (VA) (polar) monomers.

EVA copolymers with different acetate contents are extensively

used in many fields such as packaging, cable insulation, and

biomedical industry.16 The main advantage of EVA copolymers

is their wide range of properties that can be obtained by varying

the VA content. Thus, it is possible to extent the applications

from rigid plastic to rubberlike/elastic products. Furthermore,

EVA can be easily processed and molded by industrial methods

such as extrusion, injection, blow molding, calendaring, and

rotational molding.16,17 Our recent publication indicates the

potential of this particular EVA plastic for implantable devices

due to enhanced biostability and biocompatibility upon the

incorporation of organically modified montmorillonite (organo-

MMT).6 In this present work, EVA/organo-MMT nanocompo-

sites were produced by pre-dispersing the organo-MMT in two

types of liquid medium which were distilled water (polar) and

toluene (non-polar), and followed by melt compounding with

the EVA copolymer by twin-screw extruder. This melt com-

pounding method was chosen for its suitability in manufactur-

ing industrial-scale products. However, this current processing

route offers advantages over the previously applied direct melt

compounding method6 by way of enhancing the filler exfolia-

tion and dispersion inside the EVA matrix, thereby enabling the

improvement of EVA nanocomposite performance when high

organo-MMT loading (5 wt %) was added. In this article, we

describe the effects of these pre-dispersing medium on the mor-

phology, mechanical, and thermal properties of the EVA nano-

composites and communicate the benefits of this pre-dispersed

organo-MMT in enhancing toughness and thermal properties of

the EVA.

EXPERIMENTAL

Materials

The main raw materials used in this study were the same as previ-

ously described in our previous publication.6 EVA copolymer

(UBE EVA V215) containing 85% ethylene and 15% VA from

UBE-Maruzen Polyethylene Co. Ltd., Tokyo, Japan was used as

matrix material. Organically modified montmorillonite (organo-

MMT), which contains 35–45 wt % dimethyl dialkyl (C14–C18)

amine as an organic surfactant was used as nanofiller. This

organo-MMT is commercially known as Nanomer (types 1.44P)

by Nanocor, Inc. The surface modification process involves the

non-stoichiometric ion exchange of the natural MMT with the

amphiphilic compound (dimethyl dialkyl (C14–C18) amine)

comprising the long alkyl chains. This renders the pristine hydro-

philic MMT hydrophobic, thus allowing it to interface with the

hydrophobic polyolefin matrices, including EVA copolymer. This

beige color organo-MMT powder with chemical formula of

(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2•nH2O was supplied by Sigma-

Aldrich (USA). The average particle size of this organo-clay

is� 20 microns, while the bulk density ranges from 200 to

500 kg/m3. Distilled water and toluene (ACS, ISO, Reag.PhEur

grade) from Merck Pty Ltd. were used as pre-dispersing medium

to allow swelling of the organo-MMT.

Samples Preparation

The organo-MMTs were pre-dispersed in two types of liquid

media, which were; distilled water and toluene, in order to

allow swelling of nanoplatelets prior to melt compounding with

the EVA matrix. These organoclays were prepared as 50 wt %

solution in toluene and water respectively and the suspension

was stirred at room temperature until homogenously dispersed

using magnetic stirrer. The suspension using water as medium

was placed in an oven at temperature of 508C until fully dried.

Based on weight observation, the organo-MMT took around

48 h to fully dry. The suspension using toluene as medium

formed gel-like mixture after few hours of stirring and it was

placed under the fumehood for 24 h to allow for toluene evapo-

ration. After that, the organo-MMT was placed in the circulated

oven at temperature of 508C for another 24 h to ensure that the

solvent was fully evaporated. Lastly, both water and toluene

dispersed organo-MMTs were grinded and sieved to diminish

agglomeration.

The EVA and organo-MMT were dried inside an oven at tem-

perature of 508C overnight to remove the water content prior

to melt compounding with the organo-MMT. This is to ensure

that melt mixing process between EVA and organo-MMT in the

extruder can be optimized without the interference of moisture

that can reduce the quality of the extrudate. The nanocomposite

samples were prepared by melt mixing EVA copolymer with

different ratios of organo-MMT filler (0, 1, 3, 5, and 7 wt %)

using twin screw extruder, Lab Tech Co. (LZ80). Processing

temperature used was 1608C with 150 rpm screw speed and

15 rpm feeder screw speed. Melt pressure was observed along

the processing to identify any blockage in the screw barrels. The
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produced nanocomposites in pellet form were then compressed

into 1 mm thick sheets using the compression molding machine

model GT-7014-H30C from GOTECH Co. The applied hot

press temperature was 1608C with 3 min of pre-heat, 4 min of

pressing, and 2 min of cooling time. The specimens were cut

accordingly for testing and characterization.

In the subsequent discussion, the EVA nanocomposites are

referred to as EVA_XMMT (W) and EVA_XMMT (T). A num-

ber quotes as “X” denotes the weight percentage of organo-

MMT loading in the EVA. The acronym “MMT (W)” represents

the organo-MMT which was pre-dispersed by water medium,

while the acronym ‘MMT (T)’ refers to the organo-MMT which

was pre-dispersed using toluene medium.

Characterization and Mechanical Testing

X-ray Diffraction Analysis. X-ray diffraction (XRD) analysis on

the organo-MMT nanofiller and nanocomposites was done

using XRD device model Phaser-D2 manufactured by Bruker

company, to characterize basal plane spacing changes in the

organo-MMT, due to insertion of EVA molecular chains

between the layered structure.

Transmission Electron Microscopy. The dispersion of the

organo-MMT inside the EVA matrix was characterized using

transmission electron microscopy (TEM). Thin sections of

�30–50 nm thickness were cut using a Diatome diamond knife

on a Leica Ultracut microtome (Leica Biosystems GmbH) and

placed on carbon copper grids. Samples were examined at low

magnification (312,000) and high magnifications (393,000) on

a LEO 922 A EFTEM (Carl Zeiss AG) operating at 200 kV

accelaration voltage.

Fourier Transform Infrared Spectroscopy. Perkin Elmer Para-

gon 1000 Fourier transform infrared (FTIR) spectrometer with

attenuated Total Reflectance (ATR) method was used to charac-

terize chemical functional groups of the organo-MMT and

nanocomposite samples. The samples were recorded with 32

scans in the frequency range 4000–650 cm2l with a resolution

of 4 cm2l.

Tensile Test. The tensile test on the neat EVA and EVA nano-

composites were performed using Instron machine model-5582,

according to ASTM D638 method. Five replicates of dumbbell

sample from each material were tested and the testing was car-

ried out using crosshead speed of 50 mm/min for rigid and

semi-rigid material. Mean values for tensile strength and tensile

toughness were taken for comparison between materials.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA)

on the neat EVA and EVA nanocomposites was performed using

TGA Pyris Diamond PerkinElmer equipment. The weight loss

of specimen against temperature was measured from 308C to

7008C with a constant heating rate of 108C/min, under nitrogen

atmosphere.

Dynamic Thermal Mechanical Analysis. Dynamic thermal

mechanical analysis (DMTA) machine from Perkin Elmer Instru-

ments was employed to determine the thermomechanical proper-

ties of neat EVA and EVA nanocomposites. Analysis was performed

at 0.1% strain in bending mode using a frequency of 1 Hz and a

heating rate of 28C/min from room temperature to 908C.

Differential Scanning Calorimetry. Differential scanning calorim-

etry (DSC) measurements on the neat EVA and EVA nanocomposites

were carried out using DSC Q10 analyzer (Research Instrument). The

sample with the approximate weight of �6 mg was placed in closed

aluminum pan and analyzed by heating from �35 to 1308C under

nitrogen atmosphere. The heating rate employed was 108C/min.

RESULTS AND DISCUSSION

The morphology and performance of the EVA nanocomposites

containing organo-MMT prepared by direct melt compounding

method (without pre-dispersing) were discussed thoroughly in our

previous publication.6 Therefore, this article focuses on the mor-

phological data and properties of the neat EVA and EVA nanocom-

posites containing pre-dispersed organo-MMT. To begin the

discussion, a brief description on the structure of the organo-MMT

is provided and illustrated in Figure 1. It shows the interactions

between the organic surfactant (dimethyl dialkyl (C14–C18)

amine) with the nanoplatelets of the MMT; where both possess dif-

ferent polarity. The positively-charged head group of the organic

surfactant is attached on the negatively-charged MMT platelet sur-

face due to a strong electrostatic interaction.18 Given that the EVA

copolymer also comprised of the hydrophobic polyethylene (PE)

and hydrophilic (PVA) molecular chains, the presence of the

organo-MMT in the polymer structure would result in polar and

non-polar interactions between these components. The pre-

dispersing of the organo-MMT in the hydrophilic (water) and

hydrophobic (toluene) medium would also affect the distribution

and arrangement of the MMT nanoplatelets and the organic surfac-

tant, and hence their interactions with the host polymer. The

Figure 1. Basic structure of the organo-MMT nanofiller. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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understanding of these polar and non-polar interactions between

the organo-MMT, the host EVA copolymer, and pre-dispersing

mediums is an important focal point of this article. Therefore, the

following discussion focuses on the relationships between these

aspects with the properties of the obtained EVA nanocomposites.

TEM Analysis of the EVA Nanocomposites

(Dispersity Analysis)

The effect of pre-dispersing medium on the morphology of EVA

nanocomposites containing organo-MMT was investigated by

TEM analysis. TEM images of the EVA nanocomposites con-

taining pre-dispersed organo-MMT by water and toluene

medium are shown in Figures 2 and 3, respectively.

Generally, the quality of organo-MMT dispersion and distribu-

tion in the EVA matrix was slightly reduced as the nanofiller

loading increased from 1 to 5 wt %. This was due to the colli-

sion between the nanoclay platelets that increase with the con-

centration, thus leading to agglomeration and greater spatial

restriction for the tactoid delamination.6,19 The EVA nanocom-

posites exhibit a mixed morphology of exfoliated or intercalated

structure, in which the size of stacking platelets (tactoid) was

Figure 2. TEM micrographs of EVA nanocomposites containing water dispersed organo-MMT with different nanofiller loadings. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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larger for the nanocomposite system containing water dispersed

organo-MMT [EVA_XMMT (W)]. At the same nanofiller load-

ing, the degree of exfoliation and dispersion of the organo-

MMT dispersed by toluene were greater as compared to the

water dispersed counterpart. The similar EVA-MMT nanocom-

posite system has been studied and reported in our recent pub-

lication.6 In contrast with this current work, there was no pre-

dispersing technique applied prior to melt compounding with

the EVA. Therefore, larger organo-MMT tactoids was found in

the nanocomposite sample containing high loading (5 wt %)

organo-MMT (see Figure 4).

This suggests that the pre-dispersing technique can facilitate the

dispersion of the nanofiller, and toluene is a better dispersing

medium than water to enhance the dispersion and exfoliation

quality of the organo-MMT throughout the EVA matrix. As the

non-pre-dispersed organo-MMTs tend to arrange in face-to-face

stacking, insufficient shear energy may result in poor delamina-

tion efficiency, thus making more difficult for the polymer to

intercalate them into single layers (exfoliated structure). The

shear energy provided by the twin screw extruder during the

compounding with the polymer may not be enough to produce

fully exfoliated organo-MMT structure, especially when the

Figure 3. TEM micrographs of EVA nanocomposites containing toluene dispersed organo-MMT with different nanofiller loadings. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nanofiller loading is greater than 2 wt %. This was proved by

several studies.1–6 Therefore, this project has introduced the

pre-dispersing technique to increase the organo-MMT exfolia-

tion efficiency prior to melt compounding with the EVA. The

results have successfully provided evidence that this pre-

dispersing technique can contribute to enhance exfoliation capa-

bility of this nanofiller, where the toluene appears to be a better

dispersing medium than water.

XRD Analysis on the Organo-MMT, Neat EVA, and EVA

Nanocomposites

The XRD pattern of the nanofiller (pre-dispersed organo-MMTs

(MMT (W) and MMT (T)), neat EVA, and EVA nanocomposites is

presented in Figure 5. Table I summarizes the basal spacings of the

MMT (W) and MMT (T) nanofillers and their respective nano-

composites, which were determined from the peak position. Basal

spacings were determined using Bragg’s Law (n nk 5 2dsin h).

The results reveal the influence of nanofiller pre-dispersing

medium and loading on swelling and exfoliation degree of the

organo-MMT in the host EVA. Similar to our previous finding,

the XRD profile of the neat EVA does not show any diffraction

peaks between 2h 5 0.58 to 108.6 MMT (W) and MMT (T)

nanofillers exhibit similar XRD signature, where d001 and d002

basal spacings of 2.7 nm and 1.3 nm appear in the 2theta range

of 1–108. The values are similar to the non-pre-dispersed

Figure 4. TEM images of the EVA nanocomposites incorporating 5 wt % organo-MMT, in which the nanofiller were (a) not pre-dispersed, (b) pre-

dispersed by water (MMT (W)), (c) pre-dispersed by toluene (MMT (T)). The smallest tactoid size can be seen in the (c) image, due to the application

of pre-dispersing technique and toluene as medium.

Figure 5. XRD pattern of organo-MMT pre-dispersed by water (MMT

(W) and toluene (MMT (T)), before and after being incorporated into

the host EVA. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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organo-MMT,6 suggesting that the pre-dispersing of the organo-

MMT using both distilled water and toluene did not result in the

expanding of basal spacing. Since the pre-dispersed organo-

MMTs were fully dried prior to further processing/testing, their

basal spacings were expected to return to the origin state (as

before pre-disperse). However, when the pre-dispersed MMT was

incorporated into the EVA, the crystalline peaks caused by the

stacking of the nanoclay platelets were either moved to smaller

angles, showing an increase in spacing or disappearing completely

due to the intercalation of the host polymer. As compared to the

EVA nanocomposites containing non-predispersed organo-

MMT,6 the EVA_XMMT (W) and EVA_XMMT (T) nanocompo-

sites possess less intense diffraction signatures with lesser number

of well-defined peaks, suggesting that the applied pre-dispersing

technique may result in more significant reduction of the nano-

platelets long-range order with more disruption in the organo-

MMT layer arrangement/stacking in the EVA. With regards to this

factor, it was postulated that upon the pre-dispersing process, the

organo-MMT powder was in the form of loosely packed tactoids

(destabilized condition) rather than swelling. However, the incor-

poration of these destabilized organo-MMTs into the EVA was

believed to cause higher tendency of exfoliation process to take

place, due to weaker tactoid/inter-platelets bonding. Therefore,

this particular pre-dispersed organo-MMT tends to disperse more

easily throughout the EVA matrix. This finding again supports the

hypothesis that the pre-dispersing of the organo-MMT prior to

melt compounding with the EVA can enhance the quality of inter-

calation/exfoliation and dispersion of the EVA nanocomposites.

In agreement with TEM analysis, the XRD pattern of the EVA

nanocomposites suggests the reduced quality of organo-MMT

exfoliation and dispersion in EVA matrix upon an increase in

nanofiller loading. XRD pattern for both EVA_1MMT (W) and

EVA_1MMT (T) exhibits an amorphous halo, which could be due

to either the loss of long range nanoplatelets order, or alternatively

caused by the increase of basal spacing beyond that detectable by

XRD. In contrast, the EVA nanocomposites containing 3 wt %

MMT (W) and MMT (T) demonstrate a well-defined (d001) peak

centered at �2.158, which corresponds to a basal spacing of

4.1 nm. Further increase in nanofiller loading from 3 wt % to 5

wt % resulted in the decrease of basal spacing from 4.1 nm to

3.9 nm. Apparently, at 3 and 5 wt % nanofiller loadings,

EVA_XMMT (T) nanocomposites demonstrate weaker XRD sig-

nals than EVA_XMMT (W) nanocomposites. This could be due

to better EVA intercalation between the MMT (T) platelets, which

produced smaller tactoids. The efficiency of EVA intercalation

and organo-MMT exfoliation would depend on the destabiliza-

tion effect caused by the pre-dispersing medium. It was antici-

pated that upon the pre-dispersing process, the organization of

the hydrophobic surfactant on the clay surface would depend on

the polarity of the pre-dispersing medium. This is because, the

structure of the dimethyl dialkyl (C14–C18) amine organic sur-

factant comprises of the charged head groups that can interact

with the hydrophilic clay surface and the bulky hydrocarbon tails

that occupying the inter-gallery space. The lower degree of desta-

bilization effect of the MMT in water could probably due to the

hydrophobic characteristic of the dimethyl dialkyl (C14–C18)

amine surfactant, which prevents organo-MMT platelet separa-

tion in hydrophilic environments. When using water medium, the

surfactant’s hydrophobic tails would attempt to “hide” from the

hydrophilic environment, accumulate, and cause precipita-

tion.20,21 This might prevent the entrance of greater amounts of

water molecules into the organo-MMT inter-galleries in order to

destabilize the binding energy within the inter-galleries. Conse-

quently, this could hinder larger degree of tactoid loosening dur-

ing the pre-dispersing process. Due to their long segment and

restricted mobility, there is also high possibility that most of the

surfactant chains retain its organization and distribution in the

MMT, even when the water dried off. When the MMT (W) added

to the EVA matrix, the inhomogeneous surfactant distribution led

to weaker nanofiller–polymer interactions and hence poorer qual-

ity of nanofiller dispersion. Furthermore, the affinity of the accu-

mulated surfactant toward the hydrophobic PE chains also could

reduce the homogeneity of the PVA and PE chains distribution in

this EVA copolymer. Certainly, these would not occur when

hydrophobic pre-dispersing medium (toluene) was used, as the

hydrophobic surfactant would not repel toluene from entering the

inter-galleries. As a result, the incorporation of MMT (T) into the

EVA host polymer caused higher degree of exfoliation and disper-

sion as compared to MMT (W). Further evidence on this

“destabilization effect” was obtained from the FTIR analysis and

will be discussed later in the following section.

XRD analysis in the range of 2h 5 128 to 258 was done to investigate

the effects of MMT (W) and MMT (T) nanofillers on the morphol-

ogy of the EVA. Based on Figure 6, the neat EVA copolymer demon-

strates two well-defined peaks centered at �21.38 and �23.48

respectively due to crystalline structure of polyethylene (PE).22

When 5MMT (T) being incorporated into the host EVA, the inten-

sity of both peaks was reduced, showing that this nanofiller has

resulted in increased imperfection of existing chain crystallites.

This is expected as the crystallization of the non-polar PE chains

can be hindered due to hydrophobic interactions with the organo-

MMT nanofiller and this effect can also been observed in the work

by Merinska et al.23 However, the addition of 5MMT (W) into the

EVA has resulted in further reduction in the intensity of both peaks.

It can be postulated that the precipitated long and hydrophobic

surfactant’s tails would interact more preferentially with PE chains

due to their polarity matching. This interaction would bring greater

Table I. Basal Spacings of Nanofillers, Neat EVA and EVA Nanocomposites

as Obtained from XRD

Basal spacing (nm)

Material d001 d002

MMT (W) 2.7 1.3

MMT (T) 2.7 1.3

EVA – –

EVA_1MMT (W) – –

EVA_1MMT (T) – –

EVA_3MMT (W) 4.1 –

EVA_3MMT (T) 4.1 –

EVA_5MMT (W) 3.9 2.0

EVA_5MMT (T) 3.9 –
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thermodynamic barrier for nucleation process and hence, reduce

the crystallinity of the PE. Therefore, less intense peaks can be

observed in the EVA_5MMT (W) as compared to both neat EVA

and EVA_5MMT (T).

Fourier Transform Infrared Analysis

Figure 7(a,b) presents the FTIR spectra of the organo-MMT

nanofillers (pre-dispersed and without pre-dispersed) and neat

EVA and EVA nanocomposites respectively.

For the non-dispersed organo-MMT sample (MMT), the peaks

observed at�1000 cm21, �918 cm21, and 800 cm21 are attributed

to internal vibrations of SiAOASi of silicate layers.24,25 The peaks

centered at �3650 cm21 and �1646 cm21 corresponded to struc-

tural OAH stretching vibration in the MMT, due to adsorbed mol-

ecules of water.24,26 The spectra of this organo-MMT also indicate

the presence of methylene groups from the grafting of organic sur-

factant (2850 cm21 and 2912 cm21).25 The band at �1469 cm21 is

associated to the quaternary ammonium.24 The small peaks pres-

ence at �1120 cm21 and �919 cm21 were assigned to CH2 vibra-

tions of the surfactant and in plane stretching vibrations of the

tetrahedral silicate layers, respectively. Changes in the morphology

can be detected when this organo-MMT was pre-dispersed by water

and toluene. The intensity of the spectra was seen to reduce

throughout all regions. The less intense spectral band observed in

the region of �750–1300 cm21 arises from the weaker signal of

SiAOASi vibrations, due to the destabilization of the binding

energy within the silicate inter-galleries upon the pre-dispersing

process. Furthermore, MMT (T) presents the weakest FTIR signals

among other nanofillers, showing that the pre-dispersing of the

organo-MMT using toluene medium resulted in the greatest

“destabilization effect” and weakest interlayer binding energy. The

following statements provide further explanation on this phenom-

enon. Infrared spectroscopy analysis is basically a study of interac-

tion of infrared light with matter. The absorption of infrared

radiation by a molecule will result in its chemical bond vibration.27

Therefore, changes in peak intensity signify changes related to the

molecular bond. The organo-MMT nanoplatelets structure consists

of an inner octahedral layer being sandwiched between two silicate

tetrahedral layers.13 Their inter-galleries contain the organic surfac-

tants, which are grafted on opposite surfaces of the nanoplatelets.

These inter-galleries are being referred to as “organic layers” in this

discussion. During the pre-dispersing process, the solvents (water

and toluene) may enter the “organic layers” of the MMT structure

and occupy the free spacing between the organic surfactants. This

“solvation power” caused the swelling of the “organic layer,” dis-

rupt the MMT layer lattice and destabilize the inter-galleries bind-

ing energy. As a result, the pre-dispersed organo-MMT exhibit

weaker signals of SiAOASi vibrations in 750–1300 cm21 region,

especially when non-polar toluene solvent (with greater affinity

toward the organic layer) was used as pre-dispersing medium.

Nevertheless, the presence of the organic surfactant can still be

detected in the spectra, suggesting that the pre-dispersing process

by water and toluene did not diminish the surface modification of

the organo-MMT. In addition, the observed less intense

�3650 cm21 and �1646 cm21 peaks suggest that the pre-dispersed

MMTs absorbed less water compared to non-pre-dispersed MMT.

Figure 6. The effects of MMT (W) and MMT (T) nanofillers on the XRD

pattern of the EVA. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 7. FTIR spectra of the (a) organo-MMT nanofillers (non-predis-

persed and pre-dispersed) and (b) neat EVA, EVA_5MMT (W) and

EVA_5MMT (T) nanocomposites. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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For neat EVA, the absorbances of the polyethylene groups can be

observed from the spectra peaks of �2920 cm21, �2850 cm21,

�1470 cm21, and �720 cm21.27,28 Several peaks at �1740 cm21,

�1240 cm21, �1020 cm21, and �610 cm21 were assigned to VA

contents or units.27,28 A shoulder around �3460 cm21 was

attributed by carbonyl (C@O) overtone.26,27 Based on FTIR pat-

tern, the incorporation of the 5MMT (W) and 5MMT (T) into

the host EVA resulted in some alterations in the EVA morphol-

ogy. The FTIR spectra of both EVA nanocomposites clearly

exhibit the characteristic absorptions bands that are attributable

to host EVA and organo-MMT. For EVA_5MMT (T) nanocom-

posite sample, the intercalation of polymer chain between the

layers of the organo-MMT has resulted in the appearance of new

peaks in the regions of 1110 and 1590 cm21 and stronger band

in 3000–3645 cm21 region. These bands could be derived from

the bending vibrations of organo-MMT, together with the

stretching of structural hydroxyl (AOH) and SiAO groups, indi-

cating the existence of MMT (T) nanofiller in the EVA matrix.25

The disappearance of the bands in 1590 cm21 and 3000–

3645 cm21 region for EVA_5MMT (W) sample can be associated

with weaker interaction between the 5MMT (W) and EVA, as

compared to 5MMT (T) counterpart. In agreement with the

TEM and XRD analyses, these weaker EVA/organo-MMT interac-

tions resulted in reduced quality of nanofiller dispersion inside

the EVA matrix (Figures 2 and 5). Furthermore, EVA_5MMT

(W) sample exhibits stronger band at �900–1000 cm21 region as

opposed to EVA and EVA_5MMT (T). This could be the signal

of stronger silicate layer bonding in the structure of EVA_5MMT

(W) nanocomposite as compared to EVA_MMT (T), due to the

presence of more stable and larger tactoids. This correlates well

with the previous TEM and XRD results.

Tensile Test

Tensile test was done to compare the tensile strength and tough-

ness values of all the materials. Table II indicates the tensile

properties of neat EVA and EVA nanocomposites containing

organo-MMT nanofiller that have been pre-dispersed by water

and toluene. Figures 8 and 9 compare the mean values of tensile

strength and tensile toughness of these materials respectively.

It can be summarized that the addition of the pre-dispersed

organo-MMT (by both water and toluene has brought the

enhancement of tensile properties of the EVA. Generally, the

increase of nanofiller loading from 0% to 5% resulted in steady

increase of tensile strength and tensile toughness. However, fur-

ther increase of the organo-MMT loading to 7 wt % caused

reduction of these properties. Therefore, the assumption has been

made that the optimum organo-MMT loading for this EVA sys-

tem (using current methodologies) was 5 wt %. As the reduction

in mechanical performance was not of particular interest in this

study, the graphs of EVA nanocomposite containing 7 wt % were

not plotted in the corresponding Figure 8 and 9, and the following

parts of this paper will not discuss this system.

Apparently, the use of toluene as pre-dispersing medium for the

organo-MMT nanofiller has resulted in greater mechanical per-

formance of the EVA as compared to water medium. The highest

tensile strength and toughness was achieved when the EVA was

added with 5 wt % MMT (T), where those values have markedly

increased by �88% and �91% respectively. On the other hand,

when the EVA was added with 5 wt % MMT (W), the values of

tensile strength and toughness were only increased by �42% and

�84% respectively. Our previous work on the same EVA-MMT

nanocomposite system reported that the addition of 5 wt %

Figure 8. Tensile strength of neat EVA and EVA nanocomposites incorpo-

rating water dispersed organo-MMT and toluene dispersed organo-MMT.

Figure 9. Tensile toughness values of neat EVA and EVA nanocomposites

incorporating toluene and water dispersed organo-MMT.

Table II. Tensile Properties of Neat EVA and EVA Nanocomposites Incorporating Water Dispersed Organo-MMT and Toluene Dispersed Organo-MMT

Mechanical properties EVA
Pre-dispersing
medium EVA11% MMT EVA13% MMT EVA15% MMT EVA17% MMT

Tensile strength (MPa) 9.1 6 0.2 Water 9.7 6 0.4 10.0 6 0.1 12.9 6 0.5 10.2 6 0.2

Toluene 12.9 6 0.4 14.8 6 0.05 17.1 6 0.4 16.3 6 0.2

Toughness (MPa) 43.7 6 2.0 Water 55.7 6 2.6 78.2 6 1.5 80.5 6 2.5 79.76 1.4

Toluene 74.2 6 3.0 79.6 6 1.4 86.5 6 3.0 83.4 6 1.3
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organo-MMT (without pre-dispersed) has only resulted in slight

increase of tensile strength and toughness, which were 2.4% and

13.6%, respectively.6 Of particular interest, these findings are in

good agreement with the TEM and XRD analyses that revealed

better exfoliation and dispersion quality of organo-MMT in the

EVA was obtained when this nanofiller was pre-dispersed prior to

melt compounding, most significantly by using toluene (Figures 4

and 5). The greater the degree of exfoliation and dispersion, the

greater the mechanical performance will be as the number of sin-

gle layer of organo-MMT platelets interacting with the EVA

molecular chains increases. Several researches proved that the

presence of large clay tactoids may disrupt the load transfer effi-

ciency, thus leads to the reduction of tensile strength of the host

polymer.1,2,6 In contrast, thinner and more mobile nanoplatelets

can be more preferentially align in the direction of the stress,

allowing the achievement of higher elongation at break and

toughness.6 This toughness property is very important to resist

the material from crack propagation when subjected to high stress

loading, and of course is a valuable criterion for most applica-

tions. It is quite impressive to observe the significant increment of

tensile toughness upon the increase of organo-MMT loading

from 0 to 5 wt %, as most of the conventional microcomposite

systems show detrimental values of toughness property when the

tensile strength achieved higher values upon the addition of filler.

To further investigate the potential of these nanocomposites, TGA

and DMTA analyses were performed to evaluate the performance

of these nanocomposites under elevated temperatures.

Thermogravimetry Analysis

TGA was employed to study and compare the thermal stability

of neat EVA and EVA nanocomposites with 5 wt % filler load-

ing, pre-dispersed using water and toluene. The thermal stabil-

ity in this case is based on the maximum temperature for

degradation (Tdmax) of neat EVA and EVA nanocomposites and

the rate of mass loss. Table III summarizes the thermal degrada-

tion peak temperature of all materials, while Figure 10(a,b) dis-

plays the TGA and DTG curves of the neat EVA and EVA

nanocomposites respectively.

Based on Figure 10, the decomposition process of the EVA

occurred in two steps, referred as first step mass loss and sec-

ond step mass loss. The first mass loss step between 300 and

4008C was due to deacetylation process, which involves the

releases of gaseous acetic acid and formation of C@C along

the polymer backbone. The second mass loss step between 400

and 5008C was attributed to the oxidation and volatilization of

hydrocarbons resulting from the decomposition of main EVA

backbone.29,30

The Tdmax of the first step mass loss of EVA nanocomposites

containing 5 wt % organo-MMT (water and toluene dispersed)

occurred at lower temperature as compared to the neat EVA.

This could probably due to the degradation of organic surfac-

tant.29 The degradation of dimethyl dialkyl (C14–C18) amine,

that used to surface modified the MMT accelerated the degrada-

tion of PVA to acetic acid. Lower degradation temperature

observed in the nanocomposite samples was due to strong cata-

lytic effect of the organo-MMT on the deacetylation of EVA

containing vinyl acetate during the decomposition process.29,30

However, more pronounced effect can be seen in the

EVA_5MMT (W) sample. It exhibits lower Tdmax of this first

step mass loss than EVA_5MMT (T). Poorer EVA-nanofiller

interactions may lead to more severe catalytic effect on the

deacetylation of EVA during the decomposition process. This is

because, the non-homogeneity of the organic surfactants distri-

bution in the EVA and the subsequent weaker interactions with

both MMT nanoplatetets and the EVA molecular chains pro-

vides less shielding for the degradation process of the organic

surfactant. As the organic surfactant degrade faster, it will bring

stronger catalytic effect to the deacetylation of the EVA. Further-

more, the inhomogeneity of the organic surfactant distribution

upon the hydrophilic water medium exposure could result in

weaker PE-PVA interphase bonding in this host copolymer,

Figure 10. TGA thermograms (a) and DTG thermograms (b) of neat EVA,

EVA_5MMT (W) and EVA_5MMT(T) nanocomposites. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table III. Thermal Degradation Peak Temperature (Tdmax) of EVA and

EVA Nanocomposites

First step
mass loss

Second step
mass loss

Material Tdmax (8C) Tdmax (8C)

EVA 368 470

EVA_5MMT (W) 335 461

EVA_5MMT (T) 350 480
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therefore lower thermal energy was needed for deacetylation of

EVA during the decomposition process.

The Tdmax of second step mass loss of EVA_5MMT (T) nano-

composite occurred at a higher temperature compared to the

neat EVA. The layered nanoplatelets may result in more

restricted polymer chain, which require higher temperature to

break the molecular chains. In contrast, the nanocomposite con-

taining 5MMT (W) resulted in the decrease of the Tdmax of sec-

ond mass loss step of the EVA. This was possibly due to the

poorer quality of organo-MMT dispersion in this sample (Fig-

ure 3) and weaker bonding between the organo-MMT and the

EVA as proposed by FTIR and XRD. In Figure 9(a), the nano-

composites contributed to residues, which can be seen from

�3% remaining sample weight at �5008C, due to the presence

of the inorganic content of organo-MMT (silicate only and

without organic surfactant).

The intensity of the derivative thermo gravimetric (DTG) peak

(rate of mass loss) depends on the amount of degradation prod-

uct releases, which is attributed to the degree of interaction

between the EVA polar and nonpolar phases, and also the EVA-

nanoclay interaction.29–31 Upon the incorporation of 5 wt %

MMT (T) into the EVA, lower rate of mass during the second

step decomposition process [Figure 10(b)] was observed. This

might be corresponded to the longer time needed to break the

backbone of the copolymer, due to more restricted mobility of

the EVA chain as a result of organo-MMT-EVA interactions.

Other than the degree of nanofiller dispersion and exfoliation,

changes in multiphase structure of the copolymer also can affect

the shape/intensity of the DTG curve. For instance, lower rate

of mass loss observed in the EVA_5MMT (W) sample during

both mass loss steps may be associated with changes in the con-

centration in the melt. The EVA was believed to contain wider

molar mass distribution due to the greater inhomogeneity of PE

and PVA phases sequence and ordering when subjected to

higher temperature. The changes in EVA morphology upon the

inclusion of 5 wt % MMT (W) nanofiller were further justified

using DMTA.

Dynamic Thermal Mechanical Analysis

DMTA has been increasingly used to study the relationships

between the polymer structure, dispersed phase as well as the

nanofiller structure in the properties of polymer nanocomposite

systems.1,2,32–35 In this study, DMTA was performed to measure

the response of materials to an oscillatory deformation as a

function of temperature. The results of DMTA was analyzed by

considering three physical properties: (a) the storage modulus

(E0), corresponding to the elastic response to the deformation,

(b) the loss modulus (E00), relates to plastic response to the

deformation, and (c) tan d; the ratio of (E00/E0), a measure of

the damping behavior which is useful for determining the

occurrence of molecular mobility during thermal transi-

tions.32,33 The tan d peaks and the peak positions are given in

Table IV while the tan d and E0 curves determined by DMTA

are presented in Figures 11 and 12 respectively.

Similar to previous researches, the obtained DMTA data are

strongly affected by the degree of exfoliation and dispersion of

the nanofiller.1,2,32–35 When comparing the tensile test and

DMTA results of neat EVA and EVA containing 5 wt % organo-

MMT, one could agree that the types of pre-dispersing medium

give more significant effect to the thermomechanical properties

than the ambient mechanical properties of the host EVA.

Figure 11 demonstrates that the presence of the 5 wt % water

dispersed organo-MMT (MMT (W)) into the EVA resulted in

the enhancement in storage modulus in the 40–508C region, fol-

lowed by significant reduction in storage modulus at higher

temperature region (50–858C). During this high temperature

region (rubbery region), the polymer–filler, filler–filler, and fil-

ler–aggregate interactions can bring more pronounced effect on

Figure 11. Storage modulus versus temperature curve of neat EVA and

EVA nanocomposites incorporating water dispersed organo-MMT and tol-

uene dispersed organo-MMT.

Figure 12. Tan d versus temperature curves of neat EVA and EVA nano-

composites incorporating 5 wt % water dispersed organo-MMT (MMT

(W)) and toluene dispersed organo-MMT (MMT (T)).

Table IV. Maximum Transition Temperature Determined from DMTA

Material T1 (8C) T2 (8C)

EVA 43 –

EVA_5MMT (W) 44 60

EVA_5MMT (T) 45 –
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the storage modulus value due to larger deviations between

the underlying thermodynamics of these materials.1,2,35 The

high temperature behavior is much more affected by the

strength of interphase interactions between all the components

presenct in the EVA nanocomposites. In agreement with TGA

analysis, the significant loss of EVA mechanical integrity at

high temperature condition upon the MMT (W) inclusion can

be attributed by the reduction of interphase bonding between

the PVA and PE monomers and weaker interfacial interactions

between the organo-MMT-EVA due to poorer quality of

organo-MMT dispersion and exfoliation (as observed in TEM

and XRD).

In contrast, when the EVA was added with 5MMT (T), the stor-

age modulus was increased significantly throughout the applied

heating range with a simultaneous decrease in intensity and

broadening of the relaxation peak (Figure 10). This might be

attributed by the quality of organo-MMT dispersion and exfoli-

ation in the EVA that were found better when toluene was used

as the pre-dispersing medium (Figures 4 and 5). The presence

of greater number of the exfoliated organo-MMT structure in

the EVA resulted in its more restricted molecular mobility, thus

higher modulus was achieved.

Figure 12 presents the tan d versus temperature curves of neat

EVA and EVA nanocomposites containing water and toluene

dispersed organo-MMTs. The EVA resin used in this study is a

random copolymer that exhibit intermediate properties between

the two homopolymers; polyethylene and poly(vinyl acetate).

The properties of this material are dependent on the proportion

and interaction of both co-monomers. Due to this factor, the

EVA thermal transition and relaxation processes are known to

be quite complex.30,35 According to Yamaki et al.,36 the EVA

copolymer structure possesses microheterogeneous distribution

of the molecules in a polymer host. Some of the molecules

might be located near the VAc domains and others near the

ethylene blocks of the copolymers. Obviously, the damping

behavior of both EVA_5MMT (T) and EVA_5MMT (W)

presents a great example of this situation. At the same temper-

ature region, the neat EVA and EVA containing toluene dis-

persed organo-MMT exhibit similar tan d curve, where one

well defined damping peak was observed. According to Arsac

et al., this transition peak in the range of 35–508C corresponds

to the softening temperature for poly(vinyl acetate) (T1).31

When the EVA was added with 5 wt % MMT (T), this transi-

tion peak was shifted to slightly higher temperature with a

broader peak, which indicates more restricted molecular

mobility imposed by the dispersed organo-MMT in the EVA

molecular chains.

An anomalous behavior was observed when the EVA was added

with water dispersed organo-MMT. The broadening of this T1

peak can be observed, while the presence of another diffuse and

broad peak centered at �608C (T2) can be seen. The transition

occurred in the range of 57–678C can be related to the onset of

the melting point of the EVA copolymers.36 In copolymer,

where both polar and non-polar components exist, an interrup-

tion of longer sequences of identical groups with molecular

structures of different polarity or geometry can lead to nano-

phase separation.37 Therefore, at an elevated temperature, the

dynamic force applied and the accumulation of the hydrophobic

and long surfactant chains at the interfaces of the ethylene

monomers was anticipated to lead in disordering, decoupled

chain segments, and phase separation of PE/PVA. As a result,

shorter PVA chains were produced and broader T1 peak

appeared. The melting of the PE crystals also would occur at

lower temperature due to the above mentioned factors. There-

fore, EVA_5MMT (W) nanocomposite exhibits lower melting

temperature than neat EVA and EVA_5MMT (T). Based on

DMTA scan, the melting temperature of the EVA_5MMT (W)

was found to be at �608C (T2), while for EVA and EVA_5MMT

(T), the melting point was beyond the measurement tempera-

ture (> 808C). These T1 and T2 transitions have been con-

firmed through the DSC analysis, which will be discussed in the

following section. The lowest thermal stability of the

EVA_5MMT (W) sample is in good agreement with TGA results

where EVA_5MMT (W) possesses the lowest degradation peak

temperatures during the first and second step mass loss as com-

pared to other materials.

Differential Scanning Calorimetry

DSC analysis was performed to further investigate the thermal

behavior of neat EVA and EVA nanocomposites and the DSC

heating scans are presented in Figure 13. In agreement with the

findings of Stark and Jaunich,38 we observe two endotherms

and they have been labeled T1 and T2. A less intense T1 endo-

therm centered at �508C corresponds to the softening tempera-

ture of PVA.31 This is also a reflection of T1 transition observed

through the DMTA. When benchmarked with the host EVA,

more prominent softening transition can be seen in the

EVA_5MMT (T), while weaker softening transition and slightly

lower T1 peak can be observed in the EVA_5MMT (W) mate-

rial. The stronger T1 signal in the EVA_5MMT (T) could

probably due to favorable EVA–nanofiller interactions, which

require greater heat energy for molecular motions. As men-

tioned earlier, lower T1 signal in EVA_5MMT (W) can be

associated with the disruption of chain order and inhomoge-

neity of PVA distribution in the EVA_5MMT (W) nanocom-

posite structure. A T2 endotherm, which is more intense than

T1 endotherm appears in the temperature range of 608C to

1008C. The T2 peak was observed around 908C and can be

related to the melting point of the EVA copolymer.31,38 How-

ever, the onset melting temperatures of the EVA and EVA

nanocomposites are difficult to discern from the DSC scans

due to this broad melting range.

It is known that the melting endotherm of the EVA copolymer

is attributed to the melting of polyethylene crystallites.31,38 The

degree of crystallinity can be induced by the nanofiller incorpo-

ration. It is apparent from the DSC curves that the melting

peak (T2) of host EVA is the sharpest among the three materi-

als, suggesting that the host material has more ordered PE crys-

tallite structure. In agreement with the XRD results, the broader

T2 endotherms of both EVA nanocomposites suggests that the

crystallinity of the PE has been reduced due to the incorpora-

tion of the pre-dispersed organo-MMTs. Fewer and shorter PE

segments being crystallized as they were more likely to interact

with the organo-MMT nanofiller. It is also noticeable that the
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T2 of the EVA_5MMT (W) is �48C lower than the EVA and

EVA_5MMT (T). In line with the previous TGA and DMTA

results, this was possibly due to weaker PE-PVA interphase

bonding.

Based on the TEM, XRD, FTIR, TGA and DMTA, and DSC

data, the schematic structure of the organo-MMT and the melt

compounded EVA nanocomposites containing the pre-dispersed

organo-MMT can be postulated and illustrated in Figure 14.

The pre-dispersing process using water medium might cause

the avoidance of the surfactant’s hydrophobic tails from the

hydrophilic environment, resulting in their precipitation in the

medium. This might prevent the entrance of greater amounts of

water molecules into the organo-MMT inter-galleries in order

to destabilize the binding energy within the inter-galleries. Con-

sequently, this could hinder larger degree of tactoid loosening

during the pre-dispersing process. Due to their long segment

and restricted mobility, there is also high possibility that most

of the surfactant chains retain its organization and distribution

in the MMT, even when the water dried off. When the MMT

(W) is added to the EVA matrix, the inhomogeneous surfactant

distribution leads to the inhomogeneous PE and PVA distribu-

tion in the host copolymer too. This is due to the affinity of

the precipitated long surfactant’s tails toward the hydrophobic

PE chains, rather than hydrophilic PVA chains. As a result,

weaker nanofiller–polymer interactions and hence poorer qual-

ity of nanofiller dispersion were obtained. Certainly, these would

not occur when hydrophobic pre-dispersing medium (toluene)

was used, as the hydrophobic surfactant would not repel toluene

from entering the inter-galleries. More homogeneous distribu-

tion of the surfactant, PVA, PE, was obtained. As a result, the

incorporation of MMT (T) into the EVA host polymer caused

greater EVA-organo-MMT interactions, and hence higher degree

of exfoliation and dispersion as compared to MMT (W). Appa-

rently, the obtained greater tensile properties of EVA containing

the 5MMT (T) as compared to the 5MMT (W) could also be

related with this morphology.

Figure 13. DSC heating curves for neat EVA, EVA_5MMT (W) and

EVA_5MMT (T) nanocomposites.

Figure 14. The morphology of the organo-MMT nanofillers during the pre-dispersing process and their respective melt compounded EVA nanocompo-

sites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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CONCLUSION

The effects of organo-MMT nanofiller loading and pre-

dispersing medium on the morphology, mechanical and thermal

properties of neat EVA and EVA nanocomposites were studied.

TEM and XRD analyses revealed that the pre-dispersing

medium and concentration of the organo-MMT nanofiller gave

significant effect on its exfoliation and dispersion characteristic

in the EVA host polymer. The pre-dispersing technique using

water has resulted in improved quality of the organo-MMT

exfoliation and dispersion as compared to the non-pre-

dispersed organo-MMT/EVA nanocomposite system, reported in

previous publication. However, a greater degree of organo-

MMT exfoliation and dispersion was obtained when toluene

was used as medium to replace water. These suggest that the

pre-dispersing technique done prior to melt compounding of

the organo-MMT and EVA can assist in greater nanofiller exfoli-

ation and dispersion efficiency, thus improve the quality of the

produced EVA nanocomposites. Overall, the tensile properties

of the EVA nanocomposites containing toluene dispersed

organo-MMT were higher than that of water dispersed organo-

MMT. This can be related with the morphology of the EVA

nanocomposite system containing toluene dispersed organo-

MMT that exhibit greater nanofiller exfoliation and dispersion

as compared to water dispersed organo-MMT counterparts. Of

particular interest, the increase of filler loading from 0 to 5 wt

% has resulted in markedly improved EVA tensile strength and

toughness. Comparing the results of DMTA and DSC of host

EVA and EVA nanocomposites lead us to postulate that the

addition of the pre-dispersed organo-MMT can give significant

effect on the strength of interphase interaction between the dif-

ferent polarity monomers presence in this copolymer structure

and subsequent thermal transition of this copolymer. Based on

TGA results, the thermal stability of the EVA was improved

with the addition of 5 wt % organo-MMT pre-dispersed by tol-

uene. In contrary, the incorporation of 5 wt % organo-MMT

pre-dispersed by water resulted in the reduction of thermal sta-

bility of the EVA. This can be related with more severe weaken-

ing effect to the interphase bonding between the PE and PVA

components in the EVA when subjected to high temperature

condition.
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