


Laporan Akhir Projek Penyelidikan
Jangka Pendek

An Investigation on the Long Term
Properties of Various Commodity

Thermoplastic Nanocomposites Filled
with Organo-Montmorillonite

by
Dr. Chow Wen Shyang

I

Prof. Dr. Zainal Arifin Mohd Ishak



Lampiran 1

U~TIYiTRSiT! i;.~·Ii'J5"'"MALAySIA
KAI\..fPUS J(,EJURlJTEP...A.AN

BAHAGIAN
BERS!RI & DOKUMEN

I,

PerpUstakaan Kam K'
Bhg. Bahan H, ..pus cJuruteraan
I. . .. crSJ n dan Dok
vrllVe/"';j,; '.... ~ . umen
Kar '. " "d,b f\,hlilysic

~ npus Ke;llru1craan. Sefi f\
14.)O() Nlbo ng Tebai ~ mpangan
~ .:S.P.S.



UNIVERSITI SAINS MALAYSIA

LAPORAN TEKNIKAL GERAN JANGKA PENDEK USM

(USM SHORT TERM GRANT TECHNICAL REPORT)

Nama Ketua Penyelldik : Dr Chow Wen Shyang,.

Nama Penyelidik Bersama : ProfesorE)r Zainal Arifin Mohd Ishak

Pusat Pengajian : Kejuruteraan Bahan & Sumber Mineral

Tajuk Projek Penyelidikan : An Investigation on the Long Term Properties of
Various Commodity Thermoplastic Nanocomposites
Filled with Organo-Montmorillonite

Jumlah Geran Diluluskan : RM 19110.20

Tempoh penyelidikan ~ : 1 Ogos 2005 - 31 Julai 2007

.,

1



ABSTRAK

Kajian sifat-sifat mekanikal, terma dan morfologi bagi pelbagai termoplastik terisi

organo-montmorillonit telah dijalankan. Termoplastik yang dikaji termasuk polipropilena,

polietilena, polistirena, dan poliamida. Nanokomposit termoplastik berpengisi organo­

montmorillonit telah disediakan dengan kaedah pencampuran leburan. Dua kaedah

pencampuran leburan telah dijalankan, iaitu pengekstrudan skru tunggal dan penggiling

bergulung dua. Agen penserasi telah ditambahkan dalam termoplastik terisi organo-

montmorillonit supaya meningkatkan interaksi dan keserasian termoplastik dengan

organo-montmorillonit. Kajian mekanikal termasuk ujian tensil dan pelenturan. Sifat-sifat

terma bagi nanokomposit termoplastik t erisi organo-montmorillonit telah dikaji dengan

analisis termogravimetrik (Thermogravimetry Analysis-TGA) dan kalorimetri penskanan

pembezaan (Differential Scanning Calorimetry-DSC). Kajian mikroskopi electron

penskanan (Scanning Electron Microscoey-SEM), mikroskopi elektron pemancaran

(Transmission Electron Microscopy-TEM~ dan mikroskopi daya atomik (Atomic Force

Microscopy-AFM) telah dijalankan untuk menganalisis sifat morfologi bagi termoplastik

terisi organo-montmorillonit. Sifat mekanikal dan terma dapat ditingkatkan dengan

penambahan organo-montmorillonit dan agen penserasi. Ujian pencuacaan semulajadi,

penuaan pengoksidaan terma dan penuaan higroterma telah dijalankan untuk mengkaji

I
sifat-sifat jangka panjang bagi nanokomposit termoplastik terisi organo-montmorillonit.

;,
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1.0 PENGENALAN DAN LATAR BELAKANG

1.1 Komposit Polimer

Komposit polimer mengandungi bahan polimer (termoplastik, termoset atau

elastomer) dan bahan penguat. Komposit polimer masa kini luas digunakan dalam

pelbagai aplikasi seperti kenderaan pengangkutan, bahan pembinaan, elektronik,

barang senaman serta produk gunaan. Komposit polimer memberi gabungan sifat

kekakuan dan kekuatan yang luar biasa. Sifat yang unik tersebut sukar diperolehi

daripada komponennya sekiranya digunakan secara individu.

1.2 Nanokomposit Polimer

Nanokomposit merupakan satu jenis komposit yang baru diperkenalkan. Polimer

terisi partikel nanD ini mempunyai sekurang-kurangnya satu dimensi partikel terserak

dalam julat nanometer. Nanokomposit dapat memaparkan sifat-sifat yang amat menarik
.

seperti meningkatkan modulus dan kekuatan polimer, menambahkan suhu herotan

haba, meningkatkan sifat mekanikal dan mengurangkan kebolehtelapan gas (Zanetti &

Costa 2004; Sinha Ray & Okamoto, 2003; Li et aI., 2005).

Terdapat tiga jenis nanokomposit yang boleh dihasilkan bergantung kepada

dimensi penyerakan partikel dalam julat nanometer. Nanokomposit ini boleh dihasilkan
I

dengan menggunakan cara (i) interkalasi polimer dan pre-polimer dalam larutan (ii)
.;t

pempolimeran interkalatif insitu, dan (iii) teknik interkalasi leburan (Sinha Ray &

Bousmina, 2005). Interkalasi leburan merupakan teknik yang paling digemari oleh para

penyelidik dan pihak industri kerana kos pemprosesannya yang rendah dan produktiviti

yang tinggi.
;,

Sifat mekanikal boleh diperbaik walaupun dengan pembebanan yang sedikit (::>5

wt.%). Keberkesanan penguatan nanokomposit dengan pembebanan sedikit boleh

mencapai sifat komposit lazim dengan pembebanan 40-50% daripada pengisi klasik.
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Saiz pengisi berskala nanD memberi nisbah aspek yang tinggi dan luas permukaan yang

tinggi untuk interaksi matrik/pengisi (Suprakas, 2005). Terdapat tiga jenis sistem

komposit yang boleh dihasilkan berdasarkan darjah penyerakan partikel pengisi ke

dalam matriks. Antara jenis sistem yang wUjud termasuklah (i) sistem tak tercampur (ii)

sistem interkalasi (iii) sistem exfoliasi (Joseph, 2006). Antara faktor yang mempengaruhi

sistem komposit yang terhasil termasuklah teknik percampuran yang digunakan,

parameter pemprosesan, kuantiti pembebanan pengisi dan sebagainya.

Pelbagai pengisi penguat bersaiz nanD sedang dibangunkan sekarang,

contohnya penyelidikan yang banyak dijalankan adalah jenis tanah liat silikat berlapis

sebagai fasa penguat. Hal ini disebabkan kemudahan diperolehi, kos yang rendah dan

kebolehan dikitar semula (Suprakas et. aI., 2005). Tanah Iiat yang paling umum

digunakan adalah organa montmorillonit (OMMT) yang merupakan satu jenis mineral

aluminosilikat (aluminosilicate) (Yei e t. a 1. ...2 004). M ontmorillonit a dalah a ntara s i1ikat
.

berlapis jenis smectite yang paling lazim digunakan untuk menghasilkan nanokomposit.

Montmorillonit adalah merupakan sejenis mineral aluminosilikat dengan ion-Iawan

(counter ion) natrium hadir dalam lapisan (Yei et. aI., 2004). Formula kimia bagi

montmorillonit i alah [MiAI4-xMgx)Si602o(OH)4]. I M' a dalah k ation valensi t unggal yang

berada dalam ruang antara kolong (intergallery) manakala 'X' ialah darjah penggantian
I

isomorfus. Kekisi hablur silikat berlapis mengandungi lapisan dua dimensi. Terdapat
~

beberapa lapisan organisasi dalam mineral tanah Iiat. Lapisan tetrahedron alumina atau

magnesium di tengah disambung dengan dua lapisan tetrahedron silika. Ketebalan

setiap lapisan tetrahedron tersebut adalah 1nm. Ketebalan lapisan adalah dalam

Iingkungan 1 nm. Lapisan-Iapisan tersebut bertimbun dengan tersusun dengan

pegangan daya van der waals yang digelar antara-Iapis. Ruang antara lapisan adalah

sekitar 0.96 nm (Wei et. ai, 2003). Saiz partikel yang tipikal adalah dalam Iingkungan 8-
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10J.lm. Partikel dasar yang paling kedl terdiri daripada timbunan lamela selari dengan

15-20 lapisan per partikel dan dalam susunan 0.1-1 J.lm (Bhiwankar et. aI., 2006).

OMMT dipercayai dapat meninggikan sifat terma, mekanikal dan fizikal bagi

sesetengah polimer. Walaubagaimanapun, kandungan OMMT yang terlalu tinggi dalam

matrik polimer boleh menyebabkan penurunan sifat mekanikal polimer. Hal ini

disebabkan oleh partikel OMMT berkecenderungan untuk membentuk aglomerat pada

kepekatan yang tinggi. Pembentukan aglomerat disebabkan oleh pembentukan ikatan

hidrogen antara kumpulan hidroksil pada partikel (Bikiaris et aI., 2005). Penyebatian,

interkalasi dan exfoliasi bagi OMMT di dalam polimer yang berpolar adalah lebih mudah

berbanding dengan polimer tidak berpolar seperti polietilena, polipropilena dan

polistirena. Maka, agen penyerasi yang bersesuaiam diperlukan untuk meningkatkan

penyerasian polimer dengan OMMT.

Beberapa kaedah telah dibangunka.,n untuk mensintesis komposit polimer/tanah
.

Iiat bergantung kepada jenis tanah lia,t dan struktur kimia polimer yang diguna.

Nanokomposit polimer/tanah Iiat yang pertama berjaya disintesis dengan polimer yang

mengandungi kumpulan berpolar kerana kumpulan berpolar membenarkan penyerakan

tanah liat dengan mudah (Lee, 2005). Walau bagaimanapun, tiga kaedah sintesis telah

dicadangkan untuk polimer olefin iaitu pempolimeran in situ, kaedah larutan dan
t

interkalasi leburan. Antara' ketiga-tiga kaedah ini, interkalasi leburan adalah paling
"!C

rnudah dan lebih kos efektif untuk mensintesis nanokomposit (Ding, 2005; Osman.

2005a&b; Morawiec. 2005; Lee. 2005; Wang. 2004; Alexandre et. ai, 2002; LeBaron,

1999).

Osman et.al (2005a) menyatakan bahawa satu nisbah luas keratan rentas kation

kepada kawasan kebolehdapatan yang tinggi akan menyumbangkan kepada liputan

permukaan yang sempurna dan lid spacing" yang besar memudahkan penyerakan

pengisi. Tetapi walaupun dengan struktur kimia polimer dan mono-Iapisan organik yang
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serbasama, secara interkalasi leburan sepenuhnya tidak diperolehi. Langkah pertama

untuk serakan tanah liat skala nanD dalam polimer untuk membesarkan kolong dan

padan dengan kepolaran polimer atau monomer supaya ia akan interkelat di antara

lapisan. Ini boleh dilakukan dengan menukar kation organik kepada kation tak-organik.

Kation organik yang lebih besar akan mengembangkan lapisan dan meningkatkan sifat

hidrofobik tanah liat menghasilkan tanah liat terubahsuai (OMMT) seperti yang

ditunjukkan dalam Rajah 1.1 (Ajayan et. al,2003). Polimer terinterkalasi dalam perumah

lapisan seperti silikat berlapis telah terbukti menjadi satu sntesis yang berjaya kepada

nanokomposit polimer silikat berlapis.

o o

Clay

o

Inorganic calion I organic cution
exchange

Organically modified clay

~Ionomcr, / '- Polymer melt or solution
oligomer intercalation ~ intercalation

- I

Intcrclilated nanocolllrositc
;,

Rajah 1.1: Skema langkah asas dalam pemprosesan interkelasi leburan tanah

liat dengan polimer (Ajayan et. ai, 2003).
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Kaedah interkalasi leburan ini mengadunkan leburan termoplastik dengan

organosilikat untuk mengoptimumkan interaksi polimer silikat berlapis seperti yang

ditunjukkan dalam Rajah 1.2. Campuran dinyepuhlindapan pada suhu melebihi suhu

peralihan kaca (Tg) polimer untuk membentuk nanokomposit. Rantai polimer boleh

melalui pemindahan jisim di antara lapisan silikat.

termoplastik

~

( Organosilikat

Pengadunan Penyepuhlindapan Nano
I----.t komposit

Rajah 1.2: Carta aliran untuk kaedah interkalasi leburan (Kornmann, 2001).

2. KAJIAN METODOLOGI DAN EKSPERIMEN

2.1 Bahan tennoplastik

Polistirena (PS) yang digunakan dalam penyelidikan adalah dibekal oleh syarikat

Petrochemical (M) Sdn. Bhd. Malaysia dengan nama dagang Idemitstu (GPPS 95-~00).

Index aliran leburan bagi pqlistirena adalah 7.18 g/10min (dengan pemberat 2.16 kg dan

suhu 230°C) dan ketumpatan.;cJ .034 g/cm3
. Termoplastik polietilena ketumpatan rendah

(LOPE) dengan nama dagang TITANEX L12516 yang dibekalkan oleh TITAN PETCHEM

(M) Sdn. Bhd. LOPE mempunyai ketumpatan 0.918g/cm3 dan index aliran leburan (MFI)_

25g/10minit. Polipropilena (Propilenas) dibekalkan oleh Petronas (M) Sdn Bhd.
•,

Ketumpatan dan MFI bagi PP ialah 0.881g/cm3 dan 8.75g/10min, masing-masing.

Poliamida 6 (Amilan CM1017) adalah dibekalkan oleh Toray Nylon Resin AMILAN,

Japan. MFI dan ketumpatan PA6 ialah 35g/10min dan 1.14 g/cm3
, masing-masing.
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kadar pemanasan 10 oC/min dalam kehadiran gas nitrogen. Tujuan utama analisis TGA

adalah untuk mengesan suhu degradasi sampel, kandungan sampel, kandungan bahan

meruap dan perubahan berat sampel semasa pemanasan.

Rajah 3.7: Mesin TGA Perkin Elmer Pyris 6.

2.2.4.2b Kalorimetri penskanan pembezaan (DSC)

DSC (Perkin Elmer Pyris 6, USA) (Rajah 3.8) digunakan dalam analisis terma.

Sampef dibekalkan haba daripada suhu 30oC kepada220"C dengan kadar pemanasan

10 oC/min. Penetapan (holding) dikenakan pada suhu 220oC lalu disejukkan daripada

220oC kepada 30oC dengan kadar yang sama. Seterusnya penetapan dikenakan

selama 1 minit pada 30oC. Analisis ini dijalankan untuk menilai jumlah tenaga terserap

dan tenaga terbebas semasa pemanasan berlaku ke atas sampel. Keputusan yang

boleh diperolehiadalah seperti suhu peralihan kaca (In).
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Rajah 3.8: Mesin DSC Perkin Elmer pyris 6.

2.2.4.3 Penjelmaan fourier infra merah (FTIR)

FTIR (Perkin Elmer spectrum one, usA) (Rajah 3.9) digunakan untuk

menganalisis sampel. Jarak gelombang yang digunakan adalah dalam julat 4000 cm'1 -

400 cm'1 dengan empat kali imbasan dilakukan semasa ujian FTIR. Tujuan analisis ini

dijalankan adalah untuk mengkaji kumpulan berfungsi yang hadir dalam komposit

termoplastiUoMMT. Spektrum yang dihasilkan membantu dalam mengkaji jenis ikatan

kimia dalam nanokomposit.

Rajah 3.9: Mesin FTIR Perkin Elmer Spectrum One.
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hybrid exhibits high modulus, high distortion tem­
perature and good barrier properties of gas and
water. Kojima et at. [3] have reported the synthesis
of nylon 6-clay hybrid by montmorillonite interca­
lated with e-caprolactam. They found that the sili­
cate layers of nylon 6-c1ay hybrid were uniformly
dispersed in the nylon 6 matrixes. Fornes et at. [4]
have described the melt compounding of nylon 6/
organoclay nanocomposites by using a twin-screw
extruder. Tensile modulus and strength were found
to increases with increasing concentration of clay.
Cho & Paul [5] have reported that the organoclay
was well exfoliated into nylon 6 matrix when com­
pounded with twin screw extruder. Liu et al. [6]
'have reported the preparation of polyamide 6-c1ay
nanocompositeslMAHgPP alloys and investigated
its mechanical and dynamic mechanical properties
and morphologies. The notched impact strength of
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1. Introduction

Polymer nanocomposites offer new technological
and economical benefits. The incorporation of
nanometer scale reinforcement may dramatically
improve selected properties of the related polymer.
These nanocomposites exhibit sJperior properties
such as enhanced mechanical properties, reduced
permeability, and improved flame r!tardancy [I].
Polymer layered-silicate nanocomposites are cur­
rently prepared in four ways: in-situ polymeriza­
tion, solution intercalation, melt intercalation and
sol-gel technology. Direct polymer melt intercala­
tion is the most attractive because of its low cost,
high productivity and compatibility with process­
ing techniques (e.g. extrusion and injection mold­
ing) [2].

Numerous researchers described polymer-clay
nanocomposites based on polyamide. Nylon 6-c1ay

School of Materials and Mineral Resources Engineering, Engineering Campus, Universiti Sains Malaysia, Seri
Ampangan, Nibong Teba114300 Penang, Malaysia

Mechanical, morphological and rheological properties of
polyamide 6/organo-montmorillonite nanocomposites

Abstract. Polyamide (PA6) nanocomposites containing 4 wt% organo-montmorillonite (OMMT) were melt-compounded
followed by injection molding. The mechanical properties of the PA6/0MMT nanocomposites were studied through tensile
and flexural tests. The rheological behaviour of the nanocomposites was determined by plate/plate rheological measure­
ments. Attempts were made to trace the rheological parameters that reliably reflect the observed changes in the clay disper­
sion. X-ray diffraction (XRD) and atomic force microscopy (AFM) were used to characterize the exfoliation and dispersion
of the OMMT in the PA6 matrix. The thermal properties of PA6/0MMT nanocomposite were characterized by Dynamic
Mechanical Thermal Analysis (DMTA). The tensile modulus and strength of the PA6 was increased in the presence of
OMMT. The flexural strength of PA6/0MMT was approximately doubled compared to the tensile strength value. The sig­
nificant enhancement of both tensile and flexural strengUl was attributed to the delaminated clay formation. XRD and AFM
results revealed the formation ofPA6 nanocomposites as 't~e OMMT was successfully exfoliated.

'Corresponding author, e-mail: shyang@cng.usm.my
© BME-PT and GTE



Chow and Mohd Ishak - eXPRESS Polymer Letters Vol. I, No.2 (2007) 77-83

the alloys increased remarkably while its stiffness
and strength still maintained. Chiu et al. [7] have
studied the effects of maleic anhydride-grafted
polyolefin elastomer (POEMA) on the properties of
PA6/0MMT by using melt intercalation. Gonzalez
et al. [8] have investigated the toughening of PA61
OMMT by blending with maleinized styrene-ethyl­
enelbutadiene-styrene copolymer (mSEBS).
X-ray diffraction (XRD) and transmission electron
microscopy (TEM) have been adopted as the stan­
dard techniques to study the clay (or layered sili­
cates) dispersion in polymers. X-ray diffraction
permits the study of intercalation, whereas TEM
could provide evidence of intercalationlfIoccula­
tion and exfoliation/delamination of clay. Atomic
force microscopy (AFM) is a further suitable tech­
nique to study the microstructure and nanostructure
of polymer nanocomposites. Karger-Kocsis et al.
[9] have studied the morphology and topography of
interpenetrating vinylester/epoxy/organoclay by
using AFM technique. Chow et ai. [10] have inves­
tigated the blend morphology and clay dispersion
in PA6/PP matrix using AFM technique. Rheo­
meters could be used to investigate the clay disper­
sion in the polymer matrix. The melt-state linear
viscoelastic properties for the nanocomposites ~re

typically examined in a constant strain rheometer in
either a cone and plate or parallel plate (plate-plate)'
geometry. According to Krishnamoorti & Yurekli

. [11] the response of the intercalated and exfoliated
nanocomposites to external flow is vital in their.
processing, but would also provide a systematic
study of the response of highly anisotropic layers
suspended in a viscoelastic medium. A transition
from liquid-like to solid like rheological behaviour
for nanocomposites at relatively low silicate load­
ings (1-2 vol.%) is observed with relatively small
differences between intercalated ~d exfoliated
systems.
The present work has devoted to study the effects
of 4 wt.% OMMT on the mechanical, rheological
and morphological properties of PA6. Thus, it is
the aim of the present contribution to report the
effect of OMMT in reinforcement and its ability of
intercalation/exfoliation in PA6. This study
attempts to enhance the tensile and flexural proper­
ties of PA6. Further, this paper was aimed at study­
ing the rheological behaviour of PA6/0MMT
nanocomposites at both high and low shear rates,
and to interpret the rheological characteristics as a

function of the morphology of the PA6 nanocom­
posites.

2. Experimental.
2.1. Specimen preparation

The PA6 (Amilan CM 1017) used in this study was
a commercial product from Toray Nylon Resin
AMILAN, Japan. The melt flow index (MFI at
230°C and 2.16 kg load) and density of PA6 were
35 gil 0 min and 1.14 g/cm3, respectively. Organo­
montmorillonite (Nanomer I.30TC - OMMT) was
a commercial product from Nanocor, Inc, USA.
This OMMT is a white powder containing mont­
morillonite (70 wt%) intercalated by octadecy-
lamine (30 wt%). I

Melt compounding of the PA6 nanocomposites was
done on a counter-rotating twin-screw extruder
(Berstoff). The extrusion zone temperature ranged
from 220-230°C. Prior to extrusion, PA6 pellets
and organo-montmorillonite (OMMT) were dehu­
midified by using a vacuum oven at 80°C for 8 h.
The extrudates were pelletized with a Haake pel­
letizer. The pellets were injection molded into stan-

'" dard tensile bars using a Niigata AN 50 injection
molding machine. Injection molding temperature
ranged from 225-240°C. Prior to injection mold­
ing, alIpeIlets were dehumidified in a vacuum oven
(80°C for 8 h). The tensile test specimens were
molded in a Type I mold according to ASTM D638.

2.2. Mechanical studies

Tensile tests were performed on an Instron-5582
machine at 23°C, according to ASTM D638, at a
crosshead speed of 50 mm/min. Tensile modulus,
tensile strength and elongation at break were evalu­
ated from the stress-strain data. Flexural measure­
ments were carried out according to ASTM D790
using 3-point bending configuration at 3 mm/min
deformation rate. The support span was set at
50 mm. Flexural modulus and strength were deter­
mined.

\2.3. X-ray Diffraction (XRD)

Wide-angle X-ray spectra were recorded with a
D 500 diffractometer (Siemens) in step scan mode
using Ni-filtered Cu Ka radiation (0.1542 nm
wavelength). Powder samples were scanned in
reflection, whereas the injection-molded com-
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pounds were scanned in transmission in the interval
of 2e =2-10°. The interiayer spacing of the
OMMT was derived from the peak position {dool­
reflection) in the XRD diffractograms according to
the Bragg equation (I.. = 2dsinO).

2.4. Atomic Force Microscopy (AFM)

Specimens were taken from the gauge section of
the injection molded dumbbells. Their orientation
was transverse to the mold flow direction. The sur­
face of the specimens was first polished prior using
further physical etching techniques. As for the
physical etching, the polished surface of the speci­
mens was eroded by Ar+ ion bombardment. This
occurred in a secondary neutral mass spectrometer
(INA3 of Leybold) working at 500 eV energy. The
beam was focused perpendicular to the surface of
the specimens. The overall ion dose was 1.9.1018

Ar+/cm2• The surface profile was scanned by AFM
(MultiModeTM Scanning Probe Microscope,
Digital Instruments) in tapping mode and the
related topography image captured.

2.5. PlatelPlate Rheometry

Rheological measurements were made in dynamlc
mode on a rheometer (ARES rheometer, Rheo­
metric Scientific) equipped with parallel plate
geometry (plate diameter: 25 mm) at 230°C. Sheets
were compression molded to about 1 mm thiclcness
and punched into disc of 25 mm diameter. Dynamic'
frequency scan tests were conducted for all samples
at a strain sweep of 1% at 230°C. The strain ampli­
tude (l %) was within the linear viscoelastic region
as deduced from dynamic str<in scan tests per­
formed for PA6 and PA6/0MMT nanocomposites.

~

2.6. Dynamic Mechanical Thermal Analysis
(DMTA)

The storage modulus (E') and the mechanical loss
factor (tano =E"/E') as a function of temperature
(1), were assessed by dynamic mechanical thermal
analysis (DMTA) using an Eplexor 25N device of"
Gabo Qualimeter, Germany. DMTA spectra were
taken in tension mode at 10Hz frequency in a
broad temperature range (T= -110...+230°C).

3. Results and Discussion

3.1. Mechanical properties

Table 1 shows the effect of OMMT on the tensile
anq flexural properties of PA6 nanocomposites.
The tensile modulus and tensile strength of PA6
was improved significantly in the presence of
OMMT. The stiffness of the OMMT filled PA6
composites is markedly higher than that of the neat
PA6. This maybe attributed to the stiffness and
reinforcing effects of the OMMT particles. Either
full or partially delaminated clay formation is
believed to be responsible for the increment in stiff­
ness of PA6 nanocomposites. Cho & Paul [5]
reported that the modulus of PA6 composite con­
taining 5 wt. % of organoclay was substantially
increased relative to neat PA6. Reichert et aI. [12]
also showed that the tensile modulus increased as a
function of organophilic layered silicates content.
Shelley et at. [13] considered the possibility that
the modulus improvements are due to the constraint
of the polymer chains by their interaction with the
clay surfaces. According to Huang et aI. [14], the
introduction of the montmorillonite, which has a
higher modulus than the organo-soluble polyimide
(PI) matrix, leads to an increase in the modulus of
the nanocomposite. The tensile modulus of PI
increased almost linearly up to 5 wt.% of montmo­
rillonite. However, as the montmorillonite content
is further increased, the aggregation of the mont­
morillonite leads to a leveling off or even slightly
decreases in the modulus of the hybrid. The addi­
tion of organoclay yields a substantial improve­
ment in stiffness of the composites based on PA6
[4].
Note that the flexural modulus and strength ofPA6
was improved significantly in the presence of
OMMT. Recall that the OMMT has a plate-like
structure irrespective to its degree of exfoliation.
Accordingly, the platy OMMT and its silicate lay­
ers when exfoliated are aligned in the mold flow
direction (MFD), especially in the skin layers. The
injection-molding direction is parallel to the long

Table 1. Effects of OMMT on the tensile and flexural
properties ofPA6

Properties Unit PA6 PA6/0MMT
Tensile modulus--

---- _._~-----

'-'3:0;-6-:-02'-GPa 2.3 ± 0.02-------- --;;;1'",1'-- -----:.-=- -6B:7±0.ioTensi Ie strength 40.1 ± 0.05

Elongation at break % 58.4 ± 0.05 3.5 ± 0.02

Flexural modulus GPa 2.1 ± 0.02 2.9 ± 0.01

Flexural strength MPa 94.2± 0.10 105.3 ± O.1{)
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-OMMT

- PAS
~. PA610MMT

axis of the layered silicates. This forced orientation
is a result of the high shear rates during injection
molding. This injection mOlding-induced skin-core
morphology causes the observed increase in the
flexural strength.

3.2. Morphological properties

3.2.1. X-ray diffraction (XRD)

Figure 1 shows the XRD patterns in the range of
28 =2-100 for PA6, OMMT and PA6/0MMT. The
XRD spectrum of the OMMT exhibits a broad
intense peak at approximately 28 =3.25 0 corre­
sponding to a basal spacing of 2.72 nm. Note that
the XRD spectra of PA6/0MMT do not shows a
characteristic basal reflection of the OMMT. XRD
spectra of the OMMT filled PA6 display a promi­
nent increase in the intensity at lower 28 values
compared with neat PA6. This is due to the fact that
the PA6 molecular chain success to intercalate into
the inter-gallery of OMMT and further exfoliate the
OMMT layered silicates. This reflects that the
OMMT used was exfoliated in the PA6 matrix. Wu
et ai. [15] had reported a similar observation in the
case of nylon 1012/clay nanocomposites. The

250.......----_. --,

.

3 4 5 6 7. 8 9 1'0

20('j

"!!Figure 1. XRD spectra of PA6, OMMT and PA6/0MMT
nanocomposites

a} _ ...

absence of the characteristic clay dool peak indi­
cates the exfoliation of the clay platelets in the
nylon 1012 matrix.

3.2:2. Atomic force microscopy (AFM)

Figure 2a&b display the AFM surface topography
of PA6 and PA6/0MMT after Argon ion bombard­
ment. The great difference in the topography
reflects the effect of OMMT. Recall that OMMT
would act as nucleant for the y-phase ofPA6 which
is likely less resistant to ablation than the a-phase.
The white image represents the individual clay lay­
ers or layered silicates (Le. platelet structure shown
by the arrow). The average length of the plate-like
structure is approximately 0.5 'micrometer. Note
that the silicate layer of OMMT was exfoliated in
the PA6 matrix.

3.3. Rheological properties

A deeper insight into morphology-dependent flow
behavior was expected from the rheological meas­
urements performed in the viscoelastic range. The

..storage modulus (G') resulting from dynamic fre­
quency scans is depicted in Figure 3a. The storage
modulus (G') increased monotonically in the cov­
ered frequency range when OMMT was introduced
to the PA6 nanocomposites. This reflects the strong
effects of intercalated/exfoliated clay silicate layers
on the viscosity of PA6. Besides, the increasing of
the G' values of PA6/0MMT compared with the
neat PA6 is attributed to the interaction of PA6 and
OMMT. The slope values of G' for PA6 at 1 rad/s
and 100 rad/s is 0.92 and 1.25, respectively. On the
other hand, the slope values of G' for PA6/0MMT
nanocomposites at 1 rad/s and 100 rad/s is 0.89 and
0.96, respectively. According to Li et ai. [16],
changes of G' in the viscoelastic range sensitively

:'": .. i"' .......
{u..... ...".

Figure 2. a - AFM surface topography of PA6; b - AFM surface topography of PA6/0MMT nanocomposiles
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reflect the effects of clay dispersion. The higher the
slope, the less stable the clay is. At lower frequency
(at I radls) the polymer chains are fully relaxed and
thus alterations in storage modulus (G') and loss
modulus (G") including their slopes are likely
linked to the effect of the clay dispersion. This
change in slope indicates that the nanocomposites
attained a pseudo solid-like behaviour due to the
nano-reinforcing effect of the intercalatedlexfoli­
ated clay. Similar results were reported h
Hoffmann et al. [17]. The higher the G' moduli and'
the smaller the slope (at lower frequency), the more
pronounced the interaction between the silicate
platelets and their tendency to form a three-dimen-:.
sional superstructure [17]. One can thus concluded
that rheological characteristics (G' and related
slope) in the low frequency viscoelastic range
could reflect even small changes in the clay disper-
sion accordingly. 1
Figure 3b depicts the course of the complex viscos­
ity (11*) as a function offrequency for.fJ:1e viscoelas­
tic range assessed by a plate-plate rheometer. Note
that the complex viscosity of PA6 increased in the
presence of OMMT. The slope values of TJ* for
PA6 at 1 radls and 100 radls are -0.04 and -0.13,
respectively. However, the slope values of 11* for
PA6/0MMT at I rad/s and 100 radls is -0.46 and
-0.29, respectively. According to Boucard et al.
[18], at low shear rates, the silicate platelets of high
aspect ratio are well separated and this strongly
increases the viscosity of the melt. On the other
hand, at higher shear rates the platelets are oriented
in the flow direction which consequently leads to a
reduction in the viscosity. One could expect that the

higher the viscosity and the higher the negative
slope in viscosity-frequency relation are the better
is the clay exfoliation. This prediction is due to the
fact that intimate c1ay/polymer interaction is
accompanied with strong viscosity increase.
However, if the clay layers are well separated from
each other (exfoliated stage) then shear thinning is
more probable than in case of intercalated tactoids.

"Recall that shear thinning presumes an alignment
of the clay layer in the flow direction which occurs
easily in exfoliated stage.

3.4. Thermal analysis

The dynamic storage modulus, as well as the tano
versus temperature traces for the PA6 and PA61
OMMT nanocomposites is shown in Figure 4a&b,
respectively. It can be seen that PA6/0MMT
nanocomposites exhibits higher storage modulus
than PA6 (c.f. Figure 4a). This may again be attrib­
uted to the reinforcing effects of the OMMT in PA6
matrix. Figure 4b shows the effect of OMMT on
the loss factor (tano) for PA6. Two dynamic relax­
ation peaks were observed at around 56°C and
-60°C, which referred to as a and ~ relaxation
peaks of PA6. The a relaxation peak is believed to
be related to the breakage of hydrogen bonding
between polymer chain which induces long range

"segmental chain movement in the amorphous area.
This is assigned to the glass transition temperature
(Tg) of PA6. Note that there is no significant chang­
ing in the Tg value ofPA6 with the incorporation of
OMMT.

81



Chow and Mohd Ishak - eXPRESS Polymer Letters Vol.J, No.2 (2007) 77-83

Figure 4. a -E' vs Ttraces for PA6 and PA6/0MMT nanocomposites; b - tano vs Ttraces for PA6 and PA6/0MMT
nanocomposites
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4. Conclusions

Based on this work devoted to study the effects of
OMMT on the mechanical, morphological and rhe­
ological properties of PA6 nanocomposites, the fol­
lowing conclusions can be drawn:
(a) Modulus and strength of the PA6 was

improved significantly in the presence of
OMMT attributed to the stiffness, rigidity, rein­
forcing effects and exfoliation of OMMT.

(b) XRD and AFM techniques could be used to
study the morphology of PA6/0MMT nano­
composites. The OMMT was exfoliated in the
PA6 matrix. This is attributed to the strong
interaction of PA6 and OMMT, and the inter­
calation capability of PA6 in the silicate layers
ofOMMT.

(c) Considering the XRD and AFM results of the'
OMMT dispersion in the PA6 nanocomposites,
the following rheological parameters, in the
viscoelastic range at low frequency, could be
considered as suitable indicttors: the storage
modulus (G') and its slope,'and the complex
viscosity (11*) and its slope. The,9igher G' and
the smaller the related slope, as well as the
higher 11* and its higher related slope, the better
the clay exfoliation is.
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ABSTRACT: Polystyrene (PS) containing 2wt% of organo-montmorillonite (OMMT) was melt
compounded by using single screw extruder followed by compression molding. Maleic­
anhydride grafted polystyrene (MAHgPS) was used to compatibilize the PS/OMMT
nanocomposites. The mechanical properties of PS/OMMT were studied through three-point
bending flexural tests. The flexural fractured surfaces of selected PS/OMMT specimens were
examined by field-emission scanning electron microscopy (FESEM). Energy dispersive X-ray
(EDX) analysis was used to study the occurrence element in the PS/MAHgPS/OMMT
composites. The flexural modulus of PS/OMMT was decreased by the addition of MAHgPS.
However, the flexural strength of the PS/OMMT nanocomposites was slightly increased in the
presence of MAHgPS. This is may be attributed to the compatibilization effects of MAHgPS.

Keywords: Polystyrene, organo-montmorillsmite, maleic-anhydride grafted polystyrene,
flexural, morphology

1.0 INTRODUCTION

In recent years, polymer nanocomposites have attracted great interest.
Nanocomposites offer new technologlcal and economical benefits. The· incorporation of
nanometer scale reinforcement (e.g. layered silicates of clay, nanofibre, nanotubes, and
metal nanoparticles in polymeric materials) may dramatically improve selected properties of
the related polymer. These nanocomposites exhibit superior properties such as enhanced
mechanical properties, reduced permeability, and improved flame retardancy [1]. Polymer
nanocomposites with layer~d silicates represent a hybrid between organic and inorganic
materials.

Polymer layered-silicate'"nanocomposites are currently prepared in four ways: in-situ
polymerization, intercalation from a polymer solution, direct intercalation by molten polymer
(melt compounding) and sol-gel technology. Direct polymer melt intercalation is the most
attractive because of its low cost, high productivity and compatibility with current processing
techniques (Le. extrusion and injection molding) [2]. Naturally occurring montmorillonite is the
most abundant member of the smectite family of clays. Naturally occurring montmorillonite is
incompatible with most polymers because of its hydrophilic nature. Ion exchange is widely
practiced to modify the montmorillonite's surtace to increase its compatibility with mostly
hydrophobic polymer. Thus, it is believed that the used of organo-montmorillonite (OMMT)
could enhance its compatibility with organic polymers [3].

Numerous researchers described polymer-clay nanocomposites based on polystyrene
[4-8]. According to Fu et al.[4], polystyrene-MMT exfoliated nanocomposites have been
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synthesized by free radical polymerization using a polymerizable surfactant. The synthesized
surfactant vinylbenzyldimethyldodecylammonium chloride (VDAC) contains a vinyl benzyl
group, which is effective in exfoliating MMT in polystyrene matrix. Polystyrene-MMT
nanocomposites possess higher dynamic modulus compare to pure polystyrene [4].
Uthirakumar et a1.[5] has reported the synthesis' of PS/MMT nanocomposites via in situ
intercalative polymerization, using 2,2'-azobis{2-methyl-N-[2-acetoxy-(2-N,N,N­
tributylammonium bromide) ethyl] propionamide}-MMT (ABTBA-MMT). Good exfoliation and
dispersion of the silicate layers were observed in the PS/MMT-1 and PS/MMT-3, due to the
efficient intra-gallery polymerization [5]. According to Uthirakumar et al.[5], the exfoliated
polystyrene (PS)/c1ay nanocomposites were prepared via in situ polymerization using a
cationic radical initiator-intercalated montmorillonite hybrid. The thermal and mechanical
properties of nanocomposites were improved drastically with lower clay loading of up to 3wt%
[6]. Zhong et. al.[7] reported that exfoliated polystyrene (PS)/organo-modified montmorillonite
(MMT) nanocomposites were synthesized through in situ free radical bulk polymerization by
dispersing a modified reactive organophilic MMT layered silicate in i styrene monomer.
Comparing with pure PS, the nanocomposites show much higher decomposition temperature,
higher dynamic modulus, higher shear thinning behavior and a smaller die swell ratio [7].
According to Ding et al.[8], intercalated polystyrene (PS)/montmorillonite (OMMT)
nanocomposite could be prepared via a two-step procedure with a combination of emulsion
polymerization and melt intercalation. The products of the emulsion polymerization and melt
intercalation possessed typical intercalated structures [8].

In the open literature, most of the research work on polystyrene/montmorillonite
nanocomposites is based on polymerization methods. In this study, direct melt intercalation
methods was selected to prepare the polystyrene/organo-montmorillonite (PS/OMMT)
composites. Maleic-anhydride grafted polystyrene (MAHgPS) was added into the PS/OMMT
composites in order to improve the compatibility;dispersion and intercalation of OMMT in the
PS matrix. The present work has devoted to study the effects of maleic anhydride grafted
polystyrene (MAHgPS) on the flexural. and morphological properties of PS/OMMT
nanocomposites.

2.0 MATERIALS AND METHODS

2.1 Materials

The PS used in this study was a commercial product from Petrochemical (M) Sdn
Bhd. The melt flow index (MFI at 230°C and 2.16 kg load) and density of PS were 7.2 g/10
min and 1.03 g/cm3

, respectivel~. Organomodified Montmorillonite (Nanomer 1.30P - OMMT)
was a commercial product fromNanocor, Inc, USA. This OMMT is a white powder containing
montmorillonite (70 wt%) intercala~d by octadecylamine (30 wt%). The mean dry particle
size of the OMMT is in the range of 16 - 22 microns, respectively. Maleic anhydride grafted
polystyrene (MAHgPS) was supplied by Sigma Aldrich, which containing 2% of maleic
.anhydride. Table 1 shows the designation and composition of materials.

2.2 Extrusion

PS, MAHgPS and OMMT were physically\ pre-mixed prior to extrusion, according to
materials composition and formulation. Melt compounding of the PS/OMMT composites were
done using single screw extruder (Betol Machining, England). The temperature zone was set
in the range of 200-220°C. The screw speed was set at 50 r.p.m. Prior to extrusion, the
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materials were dehumidified by using a vacuum oven at 90°C for 8 hours. The extrudates
were palletized with Haake pelletizer.

Table 1: Designation and Cor;nposition of Materials

Designation

PS/OMMT2
PS/OMMT2IMAHgPS5
PS/OMMT2IMAHgPS10

2.3 Compression molding

PS (wt%)
98
98
98

Composition of Materials
OMMT (wt%) MAHgPS (phr)

2 0
2 5
2 10

The compounded samples were compression-molded in a; Kao Tieh GoTech
compression molding machine. The molding temperature was set at 200°C. Molded samples
were cut into flexural beam shaped geometry (length x thickness x width =148 x 3.2 x
10mm) according to ASTM 0790.

2.4 Flexural tests

Flexural measurements were carried out according to ASTM 0790 using 3-point
bending configuration at 3mm/min deformation rate. The support span was set at 50mm.
Flexural modulus and strength was determinlid. At least 5 specimens for each formulation
were tested to ensure persistence.

2.5 Morphological tests

2.5.1 Field Emission Scanning Electron Microscopy

The fractured surface of the PS/OMMT specimens was inspected in a field-emission
scanning electron microscopy (FESEM, Zeiss Supra 35VP). The fracture surfaces of the
respective specimens were gold coated to avoid electrostatic charging during examination.

2.5.2 Energy Dispersive X-ray Analysis
I

EOX (EOAX Falcon System) was used to analyze the occurrence of elements in the
specimens that sputtered with gdfcl.

3.0 RESULTS AND DISCUSSION

Figure 1a shows the effects of MAHgPS on the flexural modulus of PS/OMMT
nanocomposites. Note that the flexural modulus of PS/OMMT was decreased by the
incorporation of MAHgPS. Figure 1b shows th~ effects of MAHgPS on the flexural strength of
PS/OMMT nanocomposites. It is interesting to note that the flexural strength of PS/OMMT
was increased by the addition of MAHgPS. It is believed that the maleic-anhydride
compatibilizer could improve the compatibility between the hydrophobic matrices (Le. PS) and
the OMMT. It is also high possibility that the MAHgPS could favours the dispersibility,
intercalation/exfoliation of the OMMT layered silicates in the PS matrix. According to Chow et
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al.[9], the strength of PA6/PP/OMMT nanocomposites was increased significantly in the
presence of maleic-anhydride grafted polypropylene (MAHgPP) [9]. According to Modesti et
al.[10], a high degree of intercalation or exfoliation of clay can be achieved when a high
compatibility occurs between polymer and clay [101. According to Lertwimolnum and Vergnes
[11], polypropylene (PP) nanocomposites containing maleic-anhydride show an intercalated
or exfoliated structure and a sensible enhancement of mechanical properties. The degree of
dispersion of the clay is improved by incorporation of MAHgPP. The clay aggregates become
smaller and silicate layers are finely dispersed as the ratio of MAHgPP increases [11].
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Figure 1a: Effects of MAHgPS on the flexural modulus of PS/OMMT nanocomposites.
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Figure 1b: Effects of MAHgPS on the flexural strength of PS/OMMT nanocomposites.
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Figure 2a shows the FESEM micrograph taken from the flexural fractured surface of
PS/OMMT2 nanocomposites. Note that the uncompatibilized PS/OMMT nanocomposites
failed brittlely, although some relatively smafl fibrillated morphology can be observed on the
flexural fractured planes. Figure 2a shows an OMMT particle in the PS matrix. The lay-up of
the OMMT particle in this image already reveals some inherent layered structure. It can be
seen that the particle size of OMMT is approximately 20lJm. Recall that the particle size of as
received OMMT is in the range of 16-22IJm.. Thus, this can be an indirect manifestation that
there is no intercalation of OMMT was happening in the PS/OMMT composites. Figure 2b
shows the FESEM micrograph taken from the flexural fractured surface of
PS/OMMT2/MAHgPS5 nanocomposites. Some changes in the failure mode due to the
compatibilization effects of MAHgPS can be observed. The particle size of OMMT is
approximately 101Jm. Interest~g to note that, a number of finer particles can be seen on the
fracture plane. Thus, higher magnification of FESEM on the specimens was taken in order to
examine the finer particles. FrrJure 3a shows the FESEM micrograph taken from the
PS/OMMT2/MAHgPS5 nanocomposites at high magnification. Note that the rectangular
pointed white object X1 may be assigned to the intercalated layered silicates of OMMT. The
particle size of the fine particle is approximately 1IJrn, or less than 11Jm. EDX was performed
to ascertain the element of the finer particle. Figure 3b shows the EDX spectra taken from the
rectangular pointed white object X1 which shown in the FESEM micrograph (Figure 3a). In
these EDX spectra, six elements can be observed, Le. C, 0, Mg, AI, Si and Au. The carbon is
due to the organophilic intercalant used. The ~u observed in the EDX is associated with the
coating material sputtered on the sample. All remaining elements represent components of
the montmorillonite (MMT). Thus, the finer particle can be assigned to the well dispersed and
intercalated OMMT layered silicates. Recall that the major function of a compatibilizer is to
reduce the interfacial tension between the components in the melt and thus create a finer
dispersion in the blend. The addition of MAHgPS could enhance the compatibility and
intercalation of OMMT in the PS matrix.

5



Malaysian Polymer Journal (MPJ). Vol 2. No. I, p 1-9. 2007

Figure 1a: Effects of MAHgPS on the flexural modulus of PS/OMMT nanocomposites.

Figure 2a: FESEM micrograph taken from the flexural fractured surface of
PS/OMMT2 nanocomposites.
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Figure 3a: FESEM micrograph taken from the PS/OMMT2/MAHgPS5 composites at high
magnification. (Note that the rectangular pointed white object X1 shown intercalated layered
silicates of OMMT)
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Figure 3b: EDX spectra taken from the rectangular pointed white object X1
shown in the FESEM micrograph.
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4.0 CONCLUSIONS

Based on this work devoted to study the effect of MAHgPS compatibilizer on the
flexural and morphological properties of P$/OMMT nanocomposites, the following
conclusions can be drawn:

Addition of MAHgPS compatibilizer to the PS/OMMT decreased the flexural modulus
of the composites. On the other hand, the flexural strength of PS/OMMT nanocomposites
was slightly improved with the incorporation of MAHgPS. This is may be due to the
improvement in compatibility between the OMMT particles with the PS matrix. Through the
FESEM, one may found that the particle size of the OMMT became markedly finer by the
addition of MAHgPS. Furthermore, the layered silicates of OMMT were partly intercalated in
the PS matrix.

5.0 ACKNOWLEDGEMENTS

The author would like to thank Universiti Sains Malaysia for the USM Short Term
Grant.

6.0 REFERENCES

[1] Sinha Ray, S., and Okamoto, M., 2003. Polymer/layered silicate nanocomposites: a
review from preparation to processing. Progress in Polymer Science, 28:1539-1641.

[2] Alexandre, M., and Dubois, P., 2pOO. Polymer-layered silicate nanocomposites:
preparation, properties and uses of a new class of materials. Material Science &

-Engineering.,' Reports: A Review Journaf,28:1-63~

[3] Zanetti, M., Lomakin., S., and Camino, G., 2000. Polymer layered silicate
nanocomposites. Macromolecular Materials and Engineering, 279:1-9.

[4] Fu, X.A., and Qutubuddin, S., 2000. Synthesis of polystyrene-clay nanocomposites.
Materials Letters, 42:12-15.

[5] Uthirakumar, P., Ndhm., KS., Hahn., Y.B., Lee. Y.S., 2004. Preparation of
polystyrene/montmorillonite nanocomposites using a new radical initiator­
montmorillonite hybrid ~a in situ intercalative polymerization. European Polymer
Journal, 40:2437-2444.

[6] Uthirakumar, P., Song, MK, Nah, C.W., Lee, Y.S., 2005. Preparation and
characterization of exfoliated polystyrenelclay nanocomposites using a cationic radical
initiator-MMT hybrid. European Polymer Journal,"41 :211-217.

[7] Zhong, Y., Zhu, Z.Y., Wang, S.Q. 2005. Synthesis and rheological properties of
polystyrene/layered silicate nanocomposite. Polymer, 46:3006-3013.

[8] Ding, C., Guo, B.C., He, H., Jia, D.M., Hong, H.Q., 2005. Preparation and structure of
highly confined intercalated polystyrene/montmorillonite nanocomposite via a two-step
method. European Polymer Journal, 41:1781-1786.

8



Malaysian Polymer Journal (MPJ), Vol 2, No. 1,p 1-9, 2007

{9] Chow, W.S., Mohd Ishak, Z.A., Karger-Kocsis, J., Apostolov, A.A., Ishiaku, U.S.,
2003. Compatibilizing effect of maleated polypropylene on the mechanical properties
and morphology of injection molded polyamide 6/polypropylene/organoclay
nanocomposites. Polymer, 44:7427-7440..

[10] Modesti, M., Lorenzetti, A., Bon, D., Besco, 5., 2005. Effect of processing conditions
on morphology and mechanical properties of compatibilized polypropylene
nanocomposites. Polymer, 46:10237-10245.

[11] Lertwimolnum, W., and Vergnes, B., 2005. Influence of compatibilizer and processing
conditions on the dispersion of nanoclay in a polypropylene matrix. Polymer, 46:3462­
3471.

\,

9

, I



Lampiran 3

•

.,




