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ABSTRACT

Layered silicate/polymer nanocomposites are maletiaat display rather unique properties, even @t Isilicate
content, by comparison with more conventional paitite-filled polymers. These nanocomposites eiximigroved
mechanical, thermal, optical, gas permeability sésince and fire retardancy properties when compawét the
pure polymer. In this study, layered silicate/podymanocomposites were prepared using Na+ catiamaining
montmorillonite (MMT) and epoxy resins. Silicatertitdes were treated with hexadecyltrimethylammaniu
chloride (HTAC) to obtain the complete homogenaigpatsion of the nano plagues within the polymetrixa
which forms the exfoliated microstructure. In thiay, organophilic silicates (OMMT) were obtainedodification
of the silicate expands the silicate galleries ifird4 A to 18 A) that promote the formation of éafetl composite
structure. SEM results showed that nanocomposiitssarganically modified MMT exhibited better dispien than
those with MMT. It was found that the tensile alekural modulus values are increased, whereas thetiure
toughness is decreased with increasing silicatean Thermal analysis results revealed that thesgltransition
temperature (Tg) of thaeat epoxy resin (63’6) increases to 68.8C for the nanocomposites with 3 wt. % of
OMMT. By incorporation of silicate particles, the dynanmechanical properties of epoxy; including the atw
and loss modulus and Tg are increas@gtical transmission values of the epoxy were sdttby MMT and OMMT
silicate incorporation. It was found that flame istance at the polymer improved by the incorporatad MMT
particles to the neat epoxy .
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INTRODUCTION

Silicate particles were treated with hexadecylttipammonium chloride (HTAC) to obtain exfoliated
microstructure in which homogenous dispersion efriano plaques within the polymer matrix forms. Trtierlayer
spacing of the silicates with and without modifioatwas measured by X-Ray Diffraction (XRD) techures.

A great number of polymers have been already usexyrithesize layered silicate/polymer nanocompasiEpoxy
resins have been one of the best matrix matemalsnfiny fiber composites due to their high dimemaicstability
and good mechanical properties. The reactantsmfyepystems have a suitable polarity in order ftuseé between
the silicate layers and form exfoliated nanocomessafter polymerization [1-5] . A diglycidyl ethef bisphenol A
type epoxy system was used as the matrix in thidyst

Silicate/polymer nanocomposites were processedugjtran-situ polymerization by blending 0-10 wt. % the
silicate particulates with the epoxy resin aftéragonication.

Microstructure-property relation within the devedal nanosystems was investigated at a fundamewvell hased
on X-ray diffraction (XRD), scanning electron misompy (SEM) and mechanical testing techniques. Xiri3
used to evaluate the exfoliation of the silicatetipies within the matrix. The distribution of lays silicates was
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also evaluated based on the fracture surface SEMyem of the sample after tensile test. Optical asmwpy
coupled with image analyzer software was used terdene the void content of the nanocompositeS.pg tensile,
flexural, and fracture toughness tests were peddrnio characterize the mechanical properties of the
nanocomposites in terms of strength, modulus, raikirength, elongation at break, and fracture hoags values.
Spherical and non-spherical semi-empirical modelgetbped for layered filler incorporated structuresre also
used to compare the predicted values with the @xpetally measured tensile modulus values of the
nanocomposites. [6-9] Optical transparency of thaterials was analyzed by UV and IR transmittance
spectroscopy. As a thermal property, glass tramsitemperature (Tg) of the nanocomposites was méted by
differential scanning calorimeter (DSC).[10-12] Bimg rate of materials was measured using the Uh&#zontal
burning method. The effect of particle addition ohe optical, thermal, and flame retardant properif the
composite was also investigated.[13-16]

In the present research program , attempt has beate to synthesize and characterize the Systlas
Characterization of Layered Silicate/Epoxy Nanocosiig. The nanocomposites were characterized loyrder of
techniques including scanning electron microsq@BM), X-ray diffraction (XRD), and DSC, Tensile

MATERIALS AND METHODS

Nanocomposite materials were prepared using anyepesin (Diglycidyl ether of bisphenol A (DGEBA)s &
polymer matrix and sodium montmorillonite (MMT, K8ldrich) as a filler with a cation exchange capaof

120 meq/100g. Typical properties of montmorillonitesed on the literature are shown in Table 2.1.a/ine
curing agent was blended to epoxy as a hardenerntage For the modification of MMT,
hexadecyltrimethylammonium chloride (HTAC, Aldrichjth 25 wt. % sol. in water and Hydrochloric acigre
used.

MODIFICATION OF MONTMORILLONITE

The schematic illustration of surface modificatgtages of montmorillonite (MMT) silicate particleé?) grams of
the MMT was dispersed into 400 mL distilled wated atirred at a temperature of 80 0C. 0.05 molds$TAC was
mixed with 4.8 ml HCI in 100 mL distilled water. iBhsolution was poured into the hot silicatewatéxtune and
stirred at a temperature of 80 OC for 1 hour. Theure was then filtered and washed with waterlurdgi chloride
was detected. Chloride residue wasdetermined u8igO3 as described elsewhere [3]. The organosdicat
(OMMT) was then obtained after drying the filtenedterial at 75 0C for 2-3 days in a vacuum oven.

SYNTHESIS OF LAYERED SILICATE/EPOXY-MONTMORILLONITE NANOCOMPOSITES

Layered silicate/epoxy nanocomposite samples wegpaoed with 1, 3, 6, and 10 wt. % of OMMT and MMT
particles. The illustrates the processing stagesitu polymerization process. The epoxy resasWwlended with
the desired amount (1, 3, 6, 10 wt. %) of OMMT &MMT at room temperature for 1 hour using a mechalnic
stirrer. The blend was further hold in an ultrasdpath for 20 minutes to further disperse the aiidayers in the
resin. Then, a stochiometric amount (35 parts guagent: 100 parts epoxy by weight) of the aminénguagent
was added and the mixture was outgassed by vacgumiemove bubbles. The blend was casted inwosilmolds
and the nanocomposites were cured at room temperaia post cured for 1 hour at®0and 2 hours at 150 OC.

CHARACTERIZATION OF NANOCOMPOSITES

X-RAY DIFFRACTION

X-ray diffraction (Rigaku, D/Max, 2500V, Curadiation: 1.54056A°) experiments were carried @utboth the
plain PmCIAn and the composite samples. Wide-aKglay diffractograms were recorded at temperattirg0® C
after isothermal crystallization at this temperattor 1 h in the range of 0-7@R

SCANNING ELECTRON MICROSCOPY (SEM)

Phillips™ Scanning Electron Microscopy (SEM) was used talystine fracture surface of tensile specimens and
also used to determine the silicate agglomeratiomphology. Gold vapor deposition onto the fractsteface
permitted for the observation of the microstructure

DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Differential scanning calorimetry (DSC) is a thetrtechnique in which differences in heat flow irdcsubstance
and a reference are measured as a function of sam@piperature while the two are subjected to arcthed
temperature program . DSC was operated undegeitr atmosphere at a flow rate of 50 mL/min. Fa tibst, the
samples of 5—6 mg of epoxy samples were placedti@aaluminium crucible, respectively. Indium wased to
calibrate the thermal response due to heat flonwelh as the temperature prior to analysis. The dyna
measurements were made at a constant heat ra@ ©fnlinute from 25 to 200°C to determine the eSeaf the
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montmorillonite silicate addition on the glass s#ion temperature (Tg) of epoxy. Tg was determihgdthe
midpoint method.

TENSILE TEST

Tensile tests were conducted using a Schimadzu ri@rtsal test machine and samples were stressedaistant
strain rate of 2.00 mm/min until failure. The teséthod and sample preparation was in accordande A8TM

D638M-91a. The tensile dogbone test coupons wittmh® in wide and 6.0 mm in thickness were prepaféde:
gauge length of the specimen was approximately B0 Whe overall length of the specimen was 200 miguré

2.3 is the photo showing the tensile test speciomater load. At least five specimens from nanocotibpevere
used for the experiments.
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Figure -1 (a) XRD patterns of MMT and OMMT (b)XRD patterns of neat epoxy and nanocomposites preparedth OMMT loading
from 1 to 10 wt%(c)Figure 2.8. XRD patterns of neat epoxy and nanoenposites prepared with MMT loading of 1 to 10 wt%

RESULTS AND DISCUSSION

XRD :

In this study, X-Ray diffraction (XRD) and Scannifidectron Micoscopy (SEM) analysis were performed t
examine the microstructural properties of the mgatxy and layered silicate/epoxy nanocompositestlamextend
of silicate layer dispersion within the nanocompessi Figure -1 illustrates the X-ray diffractograms cftural
silicate (MMT) and organically modified silicate KOMT). MMT and OMMT exhibits characteristic XRD paths
corresponding to the d-spacing of 14.3 A @t=26.170 and 18.1 A at82= 4.870, respectively. A greater d-spacing
of OMMT implies intercalation (expansion) of thdlicate galleries. The increase of the d-spacindus to the
penetration of the surfactant molecules withingh#eries and exchange of Na+ cations by the omation with a
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long alkyl chain of the surfactant during the soefanodification process. Figure 1 (b, ¢) exhibé XRD patterns
of the nanocomposites made of MMT and OMMT silisatgth various loadings. In general, the charastierpeak
of the silicates observed in Fig. 1 (a ) are ndectable for the nanocomposites samples. This atelicthe further
intercalation of the silicate layers within the ymker matrix due to penetration of epoxy moleculet® ithe

intercalated galleries and dispersion of the diigalaques within the polymer matrix. For nanocosiigs prepared
at high loadings (10 wt. %), the broad peak at 8bdip implies a slight agglomeration of the sileparticles.

SEM:

Fracture surfaces of neat epoxy and nanocomposities, tensile testing, were examined by SEM tdwata the
extent of silicate dispersion within the matrix.dBacattered SEM images of the fracture surface®af epoxy and
nanocomposites prepared with various MMT and OMMMaentrations are shown in Figures 2. (a) to (g).

As seen in Fig 2. (a), relatively smooth fractuseniface observed on neat epoxy indicate more éoffitticture as

compared to those for nanocompositégures 2.(b) to (e) illustrate the fracture suefof the nanocomposites
prepared with MMT and OMMT (3 and 10 wt. %). Théght features on the backscattered images corresfmon
silicate particulatesAt higher magnifications (Figure 2. (f) and (g)het silicate layers incorporated into
nanocomposites are more visible.

At high silicate concentrations, relatively higlikxctions of silicate agglomerations are observethfSEM images.
These agglomerations results in weaker silicatedgpiaterfacial interactions and higher stress caoiregion

regions. As the dispersed particle size becomedieanamd the particle dispersion is more uniforhe mechanical
properties are improved more significantly. Smadiees of the particles also imply better exfadiatof the silicate
layers that result in improved mechanical propsrtie

i igl

Figure 2. SEM fracture surface micrographs after ensile testing of (a) neat poxy (350X) (b) 3 wt. %IMT /Epoxy (100X) (c) 3 wt.%
OMMT/Epoxy (100X) (d) 10 wt. % MMT /Epoxy (100X) (e) 10 wt. % OMMT/Epoxy (100X) (f) 10 wt. % MMT /Epoxy (3500X) (g) 10 wt
.% OMMT /Epoxy (3500X)

Fracture surface images (Figures 2. (c) and (e9¢mfed from the anocomposites that in made of OMMT/epoxy
indicate that organosilicate platelets are betigpatsed in the epoxy matrix as compared to tfms®IMT/epoxy
nanocomposites. This implies the surface modificat@nd thus intercalation of silicate layers resuft better
dispersion of the particles within the matrikis obvious that larger agglomerates are fornmethé structure of the
material with 10 wt. % MMT.

It is obvious that the fracture modes are affedigcthe incorporation of silicates into the epoxyusture. It is
obvious that different fracture mechanisms arevactiuring the fracture of the nanocomposites aspeoed to
more brittle facture of neat epoxy.

TENSILE :
Figures 3 exhibit the tensile modulus values ot epaxy and nanocomposites made with various amafulitM T
and OMMT, respectively. The tensile modulus valtessd to increase with the increasing fraction of WMind
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OMMT silicate particles up to 6 wt. % and approache a constant value at high loadings. The temsdeulus
value is improved by 16% with 10 wt. % OMMT silieatloading as compared to neat epoxy. At highasdic
loadings, OMMT exhibits slightly higher elastic mdds values as compared to those with MMT. Also, a
dramatically increase in tensile modulus with imged silicate loading was also observed in exédiat
nanostructures such as MMT based thermoset amieet@poxy nanocomposite [6] Similarly, it was foundIsik
et al.[7] for silicate/epoxy systems that tensiledulus of nanocomposites increases by incormoraii silicate. It
was reported that the increase in modulus is dyreetated to the high aspect ratio of silicateelesyNigam et al.
examined the nanocomposites of epoxy resin withtmorillonite K-10 silicate and it was observed thdtition of
the 6 wt. % organosilicate to the epoxy matrix kdol 100% increase in the tensile modulus. Thisliewvere
obtained by using montmorillonite K-10 silicatesandiglycidyl ether of bisphenol A and polymerizieg in situ
polymerization using an aromatic diamine as a cuagent.
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Figure 3 Tensile modulus of the neat epoxy and sikte/epoxy nanocomposites

DSC:

Figures 4 show the DSC thermograms of neat eporlytla® nanocomposites prepared with MMT and OMMT,
respectively. The Tg value of neat epoxy is 63.6 T@e Tg values of epoxy remains almost constatit tie
addition of MMT. The For OMMT/epoxy nanocompositasJow concentration of silicate addition, Tg ieases up
to 68.9 °C with 3 wt. % addition of OMMT. Howevdurther addition of OMMT reduces the Tg up to Tgnefat
epoxy. This observation suggests that organicatidified silicates at relatively low contents bettisperse in the
polymer system and it restricts the motion of thexs network in the silicate/epoxy system.
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Figure 4 (a) DSC thermograms for neat epoxy and MM7epoxy nanocomposites for various MMT content (b) BC thermograms for
neat epoxy and OMMT/epoxy nanocomposites for vasus OMMT content
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CONCLUSION

In this study, layered silicate/polymer nanocomgassivere developed based on epoxy resins and Nataigimg
montmorillonite as the nano platelet reinforcementSilicate  particles were treated with
hexadecyltrimethylammonium chloride (HTCA) through ion exchange reaction. In this way, *Naterlayer
cations of the silicate is exchanged with oniumioczatof the surfactant that turns the hydrophiliGcates to
organophilic characteristics. Silicate/epoxy namoposites were processed through insitu polymednatchnique
by blending of 0-10 wt. % of the silicate partidels withithe polymer matrix using ultrasonicatidfollowing
blending, composite preparation was completed Ibynperization of the cast samples.

Microstructure-property relation within the devedapnanosystems was investigated at a fundamentldased on
(XRD), scanning electron microscopy (SEM) technigju&tress-strain behavior of the nanocomposites was
measured using mechanical testing and thermal @hawas monitored with differential scanning cafoeter
(DSC). In general, the mechanical, thermal, optiead flame retardancy properties of the nanocoitgssvith
OMMT were found to be better than those of nanoamsitps with MMT. This is associated with the higlier
spacing of OMMT due to surface modification.
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