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ABSTRACT 

In comparison with conventional composites, polymer nanocomposites often exhibit a remarkable 

improvement in various properties such as enhanced mechanical properties, flame-retardance, thermal 

stability and decreased gas permeability even at lower loading of nanofillers. These improved 

properties can be achieved by a fine dispersion of nanofiller having a high aspect ratio within the 

polymer matrix. Poly (methyl methacrylate) (PMMA) is a hard, rigid and rather fragile thermoplastic 

material with an excellent transparency. However, its application is limited at elevated temperatures 

due to its relatively poor thermal stability. An effort has been made in the present research work to 

overcome this limitation by the fabrication of PMMA nanocomposites using organically modified 

montmorillonite (MMT) and layered double hydroxides (LDHs).    

The initial part of the work addresses the preparation of PMMA nanocomposites using in-house made 

compatibilizer, maleic anhydride grafted PMMA (PMMA-g-MA) by melt intercalation in the 

presence of MMT clay modified with 15-35% octadecylamine and 0.5-5 wt.% 

aminopropyltriethoxysilane. PMMA nanocomposites containing 5 wt.% nanoclay (with and without 

compatibilizer) were prepared by melt intercalation technique using a single screw extruder. The 

obtained nanocomposites were characterized by X-Ray diffraction (XRD), Field emission scanning 

electron microscope (FESEM), Transmission electron microscopy (TEM), Thermogravimetric 

analysis (TGA), Differential scanning calorimetry (DSC), Dynamic mechanical analysis (DMA), 

Atomic force microscopy (AFM), tensile, flexural, and hardness test. The XRD traces and TEM 

images of the nanocomposites revealed the formation of intercalated PMMA nanocomposites. The 

research findings clearly pointed out that the thermal stability of the PMMA nanocomposites 

improved with the addition of nanoclay and compatibilizer. The PMMA nanocomposite prepared with 

compatibilizer (PMMA-5-G) displayed enhanced mechanical properties over neat PMMA as well as 

the nanocomposite synthesized without compatibilizer (PMMA-5). The maximum improvement of 

tensile strength, Young’s modulus, flexural strength, flexural modulus and Shore-D hardness for the 

PMMA nanocomposite prepared with PMMA-g-MA was found to be 8, 98, 15, 21 and 13%, 

respectively, over neat PMMA. This investigation clearly demonstrated that the compatibilizer 

improved the distribution of clay as well as mechanical properties of the polymer. 

Hence, in order to identify the best suitable compatibilizer for the PMMA nanocomposite system, the 

effect of three different compatibilizers, namely PP-g-MA, PE-g-MA and PS-g-MA on the properties 

of PMMA nanocomposite was examined. PMMA nanocomposites having 5 wt.% nanoclay (OMMT) 

and 5 wt.% of various compatibilizers were prepared by melt intercalation method using counter 

rotating twin screw extruder. PMMA nanocomposites prepared with various compatibilizers yielded 

the intercalated structure that was confirmed by XRD and TEM analyses. The TGA data demonstrated 

that the nanocomposites synthesized with compatibilizer exhibit enhanced thermal stability with 
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respect to neat PMMA. When 50% weight loss was selected as a point of comparison, the 

decomposition temperature of the nanocomposites prepared with PS-g-MA (named as PMMA-5-PS), 

PP-g-MA (named as PMMA-5-PP) and PE-g-MA (named as PMMA-5-PE) was found to be 32, 22, 

and 36 
o
C higher than that of neat PMMA, respectively. The PMMA nanocomposite synthesized with 

PS-g-MA displayed improved mechanical properties over PMMA-5-PP and PMMA-5-PE samples. 

The results clearly expressed that PS-g-MA compatibilizer promotes adequate interface adhesion 

between the nanoclay and polymer matrix. The maximum improvement of tensile strength, Young’s 

modulus and hardness for the PMMA-5-PS nanocomposite over PMMA-5-PE sample was estimated 

to be 8, 2 and 26%, respectively.  

Although the incorporation of compatibilizer improved the properties of PMMA/clay 

nanocomposites, the mechanical properties were not enhanced significantly. Therefore, the influence 

of novel nanofillers such as Co-Al LDH and Cu-Cr LDH on the properties of PMMA was 

investigated. Firstly, both LDHs were synthesized by co-precipitation method. The PMMA 

nanocomposites containing LDH content of 1-7 wt.% were fabricated by melt intercalation technique 

using PS-g-MA as a compatibilizer in twin screw extruder. The results suggested that PMMA/Co-Al 

LDH nanocomposites exhibited better properties over Cu-Cr LDH based nanocomposites. The 

maximum improvement in tensile, flexural and impact strength was achieved by the addition of 1 

wt.% LDH in the PMMA matrix, which was found to be 22, 24 and 10 % higher for Co-Al LDH 

based nanocomposite over neat PMMA, respectively. The PMMA nanocomposite having 1 wt% Cu-

Cr LDH showed around 18 and 21% improvement in tensile and flexural strength, respectively, over 

neat PMMA. The improved mechanical properties at lower loading of LDH are due to the strong 

interaction between the PMMA matrix and LDHs. TEM analysis further confirmed that the 

intercalated morphology was obtained at higher loading. At 50% weight loss, the PMMA/Co-Al LDH 

nanocomposites demonstrated the improved thermal degradation temperature by 31-35 
o
C over neat 

PMMA, while PMMA/Cu-Cr LDH nanocomposites displayed around 26-32 
o
C higher thermal 

stability over neat polymer. The enhanced thermal stability is due to the barrier effect of LDH layers 

which limit the emission of produced gases. The glass transition temperature (Tg) was enhanced by 5 

and 3 
o
C for PMMA/Co-Al LDH and PMMA/Cu-Cr LDH nanocomposite, respectively. The 

confinement of polymer chains between the LDH layers and LDH surface-polymer interaction are the 

reasons for enhanced glass transition temperature. The thermal degradation activation energy 

evaluated by Coats-Redfern method and integral procedural decomposition temperature (IPDT) 

determined by Doyle’s method substantiated that the thermal stability was higher for PMMA/Co-Al 

LDH nanocomposites over Cu-Cr LDH based samples. Criado method was used to analyze the 

thermal degradation mechanism of various samples. The results suggested that thermal degradation of 

both LDH based nanocomposites followed F1 reaction mechanism (random nucleation having one 

nucleus on individual particle, i.e. the identical probability of nucleation occurring at each active site) 
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at the initial stage and gradually moved toward A4 mechanism (nucleation and growth) at higher 

conversion. The rheological studies also demonstrated that the storage and loss modulus were 

increased as the frequency increased, however complex viscosity was reduced.    

Furthermore, a facile solvent process method was employed for the preparation of different 

nanocomposites consisting of modified MMT clay, Co-Al LDH and Ni-Al LDH, using methylene 

chloride as a solvent. The XRD results demonstrated the intercalated morphology for PMMA/clay 

nanocomposites while for LDH based nanocomposites, no peak was observed, demonstrating the 

formation of exfoliated structure. However, TEM images revealed the partially exfoliated structures 

for different nanocomposites. The TGA result showed that all these nanocomposites exhibit a marked 

increase in the thermal stability with an increase in the nanofiller content. The maximum 

improvement of decomposition temperature for the PMMA nanocomposites was found to be 376 
o
C 

at 7 wt.% Ni-Al LDH content when 50% weight loss was taken as a point of comparison. All the 

nanocomposite materials were found to have a superior glass transition temperature relative to the 

neat PMMA and best result was obtained with Co-Al LDH. The water vapour transmission and water 

uptake capacity of PMMA nanocomposites decreased with an increase in the nanofiller loading. The 

optical clarity of PMMA/clay nanocomposites was close to the neat PMMA sample and also better 

than the LDH based nanocomposites. The improvement of thermal stability of nanocomposites was 

also confirmed by increasing the activation energies (Ea) and IPDT value, which also increased with 

increasing nanofiller loading. The reaction mechanism of thermal degradation of neat PMMA and 

respective nanocomposites was successfully predicted using Criado method. The obtained rheological 

data were fitted with various models and Einstein model best fitted the experimental values of storage 

modulus. Among the nanocomposites prepared by solvent blending method, PMMA/Ni-Al LDH 

nanocomposites demonstrated superior properties over Co-Al LDH and clay based nanocomposites. 

Overall, it can be concluded that the PMMA nanocomposite containing 1 wt.% Co-Al LDH prepared 

via melt intercalation technique exhibits better properties over other nanocomposites and neat PMMA.  
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Chapter 1 

 

Introduction and Literature Review 

This chapter presents a brief summary of the basic fundamentals, terminologies and 

applications of polymer nanocomposites along with the basis of the problem chosen in this 

work. The advantage of polymer nanocomposites over conventional composites is 

highlighted. State of art on the preparation and characterization of polymer nanocomposites 

and their applications have been discussed in details. Subsequently, the history of various 

nanofiller used as reinforcements in the PMMA matrix is elaborated. Thereafter, the 

objectives of the thesis have been summarized followed by the organization of present work. 
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1.1 INTRODUCTION 

Composites are combinations of two materials in which one of the materials, called the 

reinforcing phase, is in the form of fibers, sheets, or particles, are embedded in the other 

materials called the matrix phase. The reinforcing material and the matrix material can be 

metal, ceramic, or polymer. Reinforcing materials are generally strong with low density 

while the matrix is usually a ductile, or tough, material. The composites are generally 

designed and fabricated to combine the strength of the reinforcement with the toughness of 

the matrix to achieve a combination of desirable properties not available in any single 

material. 

When one  of  the constituent  phases  has  one  dimension  less  than  100  nm  they  

are  called  as nanocomposites. The main idea behind the nanocomposites is to enhance the 

properties and improve the characteristics of the materials. Polymer-clay nanocomposites 

consist of clay nanolayers dispersed in a polymer matrix, which exhibit enhanced thermal and 

mechanical properties, improved barrier properties and reduced flammability (Ray et al., 

2003). These enhanced properties are realized only when clay particles are well dispersed in 

the polymer matrix. 

 

1.2 HISTORICAL DEVELOPMENT OF POLYMER NANOCOMPOSITES  

The development of polymer/clay nanocomposites began in the late 1930s with work of Prof. 

E.A. Hauser on latex system and the technology for producing highly dispersible organo 

bentonite was developed by Jordan et al., in 1940s. In the 1960s, the J.M. Huber Corporation 

began the work on the development of functional, silica-modified kaolin. These materials 

provided significant improvements in the mechanical properties of elastomers and had found 

wide spread use in commercial sector in spite of high cost (Chaiko, 2006).   

The real revolution came in 1985, when Nylon/montmorillonite clay nanocomposites 

(PNC) were first developed in Toyota Central R & D lab (Okada et al., 2006). The new 

concept of PNC expanded the fields of polymer science and led to new applications for 

automotive, electric and food packaging industries. Passenger cars equipped with a PNC part 

were launched in 1989. Since then, extensive worldwide research is going on involving PNC 

not only in the industrial sector but also in the academic field.  
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1.3 SELECTION OF POLYMER 

Poly(methyl methacrylate) (PMMA) is an important amorphous thermoplastic with desirable 

properties, including clarity (the transparency is close to the ultraviolet region and also the 

infrared), chemical resistance, good moldability, protection against ultraviolet radiation, good 

weatherability, high strength and dimensional stability (Bamfor et al., 1975; Silva et al., 

2008; Mark, 1985). PMMA is resistant to many inorganic reagents, aliphatic hydrocarbons, 

nonpolar solvents and acidic and alkaline solutions (Gross et al., 2007). However, PMMA 

has limitations in its thermal stability and mechanical-dynamical properties at higher 

temperatures. One way to improve the performance of polymers is the addition of 

nanoparticles such as clays, silica or carbon nanotubes to the polymer matrix (Etiene et al., 

2007; Kashiwagi et al., 2008). Nanocomposites based on layered smectite clays as the 

reinforcing part of the matrix often exhibit improved mechanical properties. Usually, PMMA 

nanocomposites offer a potential for reduced gas permeability, improved physical 

performance, and increased heat resistance often without a sacrifice in optical clarity. The 

structure of PMMA is illustrated in Figure 1.1. 

 

CCH2

CH3

COOCH3

n

 

Figure 1.1 Structure of PMMA 

 

1.4 SELECTION OF FILLERS 

The filler is the dispersed phase, which normally bears the majority of stress. A reinforcing 

agent is the strong, stiff integral component, which is incorporated into the matrix to achieve 

desired properties. The fillers can improve mechanical properties, especially the modulus; 

they modify the electrical characteristics, change the density, improve the fire resistance, and 

reduce smoke evolution on burning. The compatibility between filler and polymer, aspect 

ratio (ratio between length and breadth of the filler) of nanoparticle and interaction between 

two phases of the system (filler and polymer), which is related to the contact surface, have 

great impact on the dispersion of nanoparticle in the polymer matrix.  
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Nanoscale materials are defined as substances where at least one dimension is less than 

approximately 100 nanometers. Nanomaterials are broadly classified into three categories 

depending on the dimensions of dispersed particles (Chrissafis and Bikiaris, 2011). Figure 

1.2 illustrates the various types of nanoscale materials. 

(a) Nanoparticles: When the three dimensions of particulates are in the order of nanometers, 

they are called isodimensional nanoparticles. They include spherical nanoparticles, 

nanogranules and nanocrystals. 

(b) Nanotubes: When two dimensions are in the nanometer scale and the third is larger, 

forming an elongated structure, they are generally called ‘nanotubes’ or 

nanofibers/nanorods and they include carbon nanotubes (CNTs), silica and  titanium 

nanotubes, cellulose whiskers, etc. 

(c) Nanolayers: The particulates which are characterized by one dimension in nanometer 

scale are nanolayers/nanosheets. In this case, the filler is present in the form of sheets of 

one to few nanometer thick to hundreds to thousands nanometers long, such as clays 

(layered siliactes), layered double hydroxides (LDHs), etc.  

The most extensively used nanoparticle in PNC is second and third type. The aspect ratio of 

nanoparticle and interaction between two phases of the system (filler and polymer) has great 

impact on the dispersion of nanoparticle in the polymer matrix. Besides the aspect ratio of the 

nanoparticle, other aspect has to be taken into consideration in PNC synthesis, which is 

compatibility between the filler and polymer. This is generally favored through the use of 

organically modified layered silicates and the way of dispersion of filler in the polymer 

matrix by using ultrasonication or by vigorous stirring. 
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Figure 1.2 Various types of nanoscale materials 

 

1.4.1 Clay 

Clay consists mainly one the most abundant elements in the earth crust: silicon, which is 

chemically bonded to oxygen, thus forming silica [SiO4]
4−

. The layered silicates commonly 

used in nanocomposites belong to a larger structural family known as the 2:1 phyllosillicate 

or smectite clays (Fahim Uddin, 2008). The crystal lattice consists of two-dimensional layers 

of tetrahedral silica sheets fused to an edge-shared octahedral alumina-magnesia sheet (see 

Figure 1.3). Sheets are present in the form of stacks, which lead to a regular Van der Waals 

gap between the interlayer or gallery of the clay platelets, called as basal spacing. Different 

nomenclatures used are 1:1, (in which one tetrahedral sheet is linked to an octahedral sheet 

known as a dimorphic clay mineral) and 2:1 (when one octahedral sheet is sandwiched 

between two tetrahedral silicate sheets called trimorphic clay mineral). The most often used 

clays are montmorillonite (MMT), Mx(Al4−xMgx)Si8O20(OH)4 and hectorite, 

Mx(Mg6−xLix)Si8O20(OH)4. The 2:1 layered silicates have a characteristic layer thickness of 1 

nm and lateral dimensions that vary from 25 nm to several micrometers depending on the 

particular silicate. Two types of charges are present in the clay platelets: (i) permanent 

charges produced by ‘isomorphic substitutions’ which are negative and (ii) induced charges 

or charges depending upon pH, mainly originating by breaking bonds found at superficial 



          Chapter 1 
 

6 
 

ends of clay that generate positive charge. The negative charges are counter balanced by 

alkali or alkaline earth cations such as Li
+
, Na

+
, K

+
, Ca

2+
, or Mg

2+
, which are situated in the 

interlayer. As a result of the strong interaction between layers due to Van der Waals 

attraction, layers are stacked together. The compensating cations which are absorbed on the 

clay surface can be exchanged for other cations. Hence, they are called exchangeable cations 

of the clay (Giannelis et al., 1996). The amount per unit weight of the clay is the cationic 

exchange capacity (CEC). 

Monovalent cations such as Li
+
 or Na

+
 make the clay hydrophilic, whereas Cu

2+
 

flocculates the clay. Binding strength study of alkylammonium compounds on 

montmorillonite has shown a decrease in binding strength in the sequence: R3NH
+
 > R2NH2

+
 

> RNH3
+
, as a result, quaternary ammonium salts are the most common cations to be 

exchanged with the clays. Clays on the whole are lyophobic, but only smectite clays such as 

montmorillonite and hectorite have some lyophilic/hydrophilic properties. Clay minerals may 

be divided into four major groups, mainly in terms of the variation in the layered structure. 

These include the kaolinite group, montmorillonite/smectite, illite and the chlorite group. 

Kaolinite group  is Al2Si2O5(OH)4, and general formula of MMT is 

(Na,Ca)(Al,Mg)2.(Si4O10)(OH)2.nH2O. The general formula of illite is 

(K,H)Al2(Si,Al)4O10[(OH)2.(H2O)]. Chlorite group is not considered as clays and is placed in 

a separate group of phyllosillicate. 

 

   Figure 1.3 Idealized structure of Montmorillonite clay 
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1.4.2 Layered Double Hydroxide 

 

Figure 1.4 Structure of LDH  

Layered double hydroxide (LDH) is mineral and synthetic materials with positively charged 

brucite type layers of mixed metal hydroxide (see Figure 1.4). LDHs are layered crystalline 

materials having exchangeable anions located in the interlayer spaces (Cavani et al., 1991; 

Constantino et al., 1995; Newman et al., 1998). Layered double hydroxides are also known as 

anionic clays: mineral of this family is hydrotalcite (Mg-Al-CO3). The general chemical 

formula for these materials is 2 3 x n-

1-x x 2 x/n 2[M M (OH) ] A .mH O   , where M
2+

 is a divalent cations 

(Ca
2+

, Mg
2+

, Zn
2+

, Co
2+

), M
3+

 is a trivalent cations (Al
3+

, Cr
3+

, Fe
3+

), A
m-

 represents the 

interlayer anions (NO3
-
, Cl

-
, CO3

2-
), m is the number of interlayer water and X(=M

2+
/(M

2+
 + 

M
3+

)) is the layer charge density of LDH.  

Organic adjustment of layered double hydroxides is essential prior to its application in 

the polymer matrix for preparing PNCs. The exfoliated or intercalated PNC preparation 

depends on the compatibility of LDH with polymer. LDHs are hydrophilic in nature and it 

must be made organophillic (hydrophobic) to become compatible with most host polymers 

that are hydrophobic in nature. LDH will only disperse and phase separate in the polymer 

matrix without modification.  The  substitution  of  the  inorganic  ions  between  the  clay 

gallery  by  organic  ions (surfactant,  intercalant)  overcomes  this  problem. Longer 

surfactant chain length and higher charge density of LDH will force clay layers to move 
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further apart making it easier for polymer chains to penetrate within the LDH layers. This 

helps to form exfoliated nanocomposite structure. 

 

1.4.3 Advantages of LDH 

 The different variety of LDHs can be synthesized in the laboratory by co-precipitation 

method with high chemical purity, homogenous structure and tunable chemical 

composition. (Feitkneeht et al., 1942; Miyata, 1977). 

 LDHs have technological importance in catalysis, separation technology, optics, 

medical science and nanocomposite materials engineering. 

 LDH containing magnesium and aluminium are biocompatible and have been used as 

an antacid and antipepsin agent. 

 LDH are reactive materials that undergo endothermic decomposition producing metal 

oxide residue. This property helps improving thermal and flame retardancy of 

polymer matrix more efficiently. 

 Ni-Al LDH is used for bacteriophage removal in water treatment and filtration 

application. Ni-Al LDH modified electrode is used as biosensor (Park et al., 2005).  

 

1.5 DIFFERENT POLYMER MATRICES USED FOR NANOCOMPOSITES 

1.5.1 Thermoplastic based nanocomposites 

Many thermoplastic based nanocomposites were made by inserting nanoparticle in the 

polymer matrices. The thermoplastic polymer used for this type of nanocomposites includes 

biodegradable polymer, polyamide, polyacrylonitrile, polybutylene, polycarbonate, 

polyethylene, polyethylene copolymer, polymethyl methacrylate, polymethyl pentane, 

polyphenylene oxide, polyphenylene sulfide, polypropylene, polystyrene, polysulfone, 

polyvinyl chloride, etc (Chrissafis and Bikiaris, 2011).  

1.5.2 Thermosetting based nanocomposites 

Different thermosetting resins have been used for the preparation of nanocomposites by 

introducing nanoparticles into the matrix. These types of resins include urea and melamine 

formaldehyde, bismalemide (BMI), polyester (thermosetting), vinylester, cyanate ester, 

polyimide (thermosetting), polyurethane, epoxy resin, etc (Chrissafis and Bikiaris, 2011; 

Mittal, 2008). 
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1.6 ROLE OF COMPATIBILIZER 

Compatibilizers are also commonly known as coupling agent that work as an interfacial agent 

to facilitate the bonding between the polymer and nanofiller, immiscible polymer blends. 

Various researchers made an attempt (Chow et al., 2005; Lim et al., 2006) to modify the 

polymer matrix with various grafting agents (EPR-g-MA, PP-g-MA) to improve the degree 

of dispersion i.e. exfoliation and intercalation and the compatibility of the nano filler into the 

polymer matrix. As a result, the interfacial tension between the filler and matrix is reduced. 

1.7 METHODS OF PREPARATION 

Various methods are employed for the preparation of polymer nanocomposites. Among those 

methods, in-situ polymerization, solvent blending and melt compounding are widely used. 

Among these three methods, last two methods directly insert polymer into the clay/LDH 

galleries, while the first method inserts monomers followed by polymerization in the 

galleries. 

1.7.1 In-situ polymerization method 

In this method, layered silicate is swollen within the liquid monomer, or a monomer solution 

so as the polymer formation can occur in between the intercalated sheets. Polymerization can 

be initiated either by heat or radiation. It can also be done by the diffusion of a suitable 

initiator or catalyst fixed through cationic exchange inside the interlayer before the swelling 

step by the monomer. This technique was used by the Toyota research team to realize nylon 6 

based nanocomposites from caprolactum (Li et al., 2013; Wang et al., 2012). 

1.7.2 Solvent blending method 

This is a two- stage process in which, at first, the layered silicate is firstly exfoliated into 

single layers using a solvent (in which the polymer is soluble). It is well known that such 

layered silicates, owing to the weak forces that stack the layers together can be easily 

dispersed in an adequate solvent. Then the polymer added to the nanoclay solvent mixture 

that absorbs onto the delaminated sheets. When the solvent is evaporated or the mixture 

precipitated, the sheets reassemble and sandwich the polymer giving rise to intercalated or 

exfoliated structure depending on the extent of penetration (Du et al., 2007). 
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1.7.3 Melt-intercalation method 

The layered silicate is mixed with the polymer matrix in the molten state, in either static or 

flow conditions. Under these conditions and if the layer surfaces are sufficiently compatible 

with the chosen polymer, the polymer chains spread from the molten mass into the silicate 

galleries to form either intercalated or delaminated hybrids according to the degree of 

penetration. This method has great advantages over either in-situ polymerization or solvent 

blending. First, this method is environmentally benign due to the absence of organic solvents. 

Secondly, it is compatible with current industrial process, such as extrusion and injection 

molding. The melt intercalation method allows the use of polymers, which are previously not 

suitable for in-situ polymerization or solvent blending (Wang et al., 2011; Du et al., 2007).   

 

1.8 TYPES OF NANOCOMPOSITES 

Depending on the strength of interfacial interactions between the polymer matrix and layered 

silicate (modified or not), three different types of PNC are thermodynamically achievable as 

shown in Figure 1.5. 

1.8.1 Conventional structure 

This type of morphology occurs when the miscibility between the polymer matrix and the 

filler does not support favorable interactions to overcome the thermodynamic consideration 

leading the clay layers to collapse. The microcomposite, thus resulted under such 

circumstances is referred as phase separated composites. The properties of such phase 

separated composites are rather hardly ever enhanced or may reduce after the reinforcement 

(Morgan and Gilman, 2003). 

1.8.2 Intercalated structure 

In intercalated nanocomposites, the insertion of a polymer matrix into the layered silicate 

structure occurs in a crystallographically regular fashion, regardless of the clay to polymer 

ratio. Intercalated nanocomposites are normally intercalated by a few molecular layers of 

polymer. The intercalation increases the basal spacing between the clay sheets, as the 

diffraction peak shifted to lower angle (2θ
o
) detected by XRD (Morgan and Gilman, 2003). 
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1.8.3 Exfoliated structure 

The exfoliated nanocomposites are formed by extensive polymer penetration and silicate 

delamination (nanoparticle layer). In this, the ordered structure is not preserved and the 

individual platelets are randomly dispersed in the polymer matrix and diffraction peak cannot 

be detected by XRD. Usually, the clay content of an exfoliated nanocomposite is much lower 

than intercalated nanocomposite (Morgan and Gilman, 2003).  

 

Figure 1.5 Different types of polymer nanocomposites 

 

1.9 PROPERTIES OF POLYMER NANOCOMPOSITES 

PNC typically contain 2-10% loading on weight basis, yet property improvements can equal 

an exceed traditional composites containing 20-35% mineral or glass. Some of the properties 

are given below: 

 Improved mechanical properties including strength, modulus and dimensional 

stability. 

 Greater thermal stability. 

 Excellent flame retardancy. 

 Decreased gas, water and hydrocarbon permeability due to tortuous path created by 

fillers when dispersed in the polymer matrix. 
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 Lower density and similar recyclability. 

 Improved electrical conductivity. 

 Enhanced physical properties. 

 Increase in melt strength. 

 

1.10 APPLICATIONS OF POLYMER NANOCOMPOSITES 

A wide range of potential applications of polymer nanocomposites are discussed by various 

researchers as shown in Figure 1.6 (Garcés et al., 2000; Ahmadi et al., 2004; Kurahatti et al., 

2010; Wei et al., 2011). Some of them are mentioned below: 

 Enhanced gas barrier characteristics have found the use of nanocomposites in 

food packaging industry. Examples include packaging for processed meat, 

cheese, confectionary and boil in the bag foods. Extrusion coating application 

with paper board is used in fruit juice and dairy industry. 

 Automotive and industrial applications are extensive. Mirror housing on various 

vehicle types, handles and engine cover are few examples of application. 

 Used as impellers and blades for vacuum cleaner and cover for portables 

electronic equipment such as mobile phone cover. 

 Polymer nanocomposites can be used for aerospace application. 

 Filler incorporation at nano-levels has significant impact on the transparency 

and haze characteristics of film. 

 It has high flame retardant characteristics, so it can be used for high temperature 

application such as internal combustion engine. 

 This material can be used in fuel tank and fuel line in the car to reduce fuel loss. 

 LDH based nanocomposites containing magnesium and aluminium is 

biocompatible and used as an antacid and anti-pepsin agent. 

 LDH based nanocomposites acts as soluble inorganic vector for different genes 

and DNA biomolecules. 
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Figure 1.6 Applications of polymer nanocomposites 

 

1.11 LITERATURE SURVEY 

1.11.1 PMMA/clay nanocomposites 

The PMMA and PS nanocomposites were prepared using lipophilized smectic clay by in-situ 

free radical polymerization method (Okamoto et al., 2000). The clays were modified with 

two different modifiers i.e. oligo-(oxypropylene)-, diethyl-, methyl-ammonium chloride 

(SPN), and methyl-trioctil-ammonium chloride (STN). The d-spacing of these 

nanocomposites was examined by XRD and TEM analysis. The d-spacing for the solid SPN 

and STN obtained by XRD measurements was 4.20 and 1.81 nm, respectively. The XRD 

results suggested that the PMMA nanocomposites were intercalated structures, which were 

further confirmed by the TEM images. It was also noted that the flocculation takes place 

owing to the hydroxylated edge-edge interaction of silicate layers. The storage modulus (G’) 

in the glassy region below Tg was 57% (for PS/SPN) and 34% (for PMMA/STN) higher in 

the nanocomposites compared to the systems without clays. 
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Laachachi et al., (2009) reported the preparation of PMMA nanocomposites. They compared 

the role of boehmite (AlOOH) and alumina (Al2O3) in the thermal stability and flammability 

of the polymer matrix. PMMA/AlOOH and PMMA/Al2O3 nanocomposites were prepared by 

melt blending technique with different loading of filler. It was observed that the prepared 

nanocomposites exhibited higher thermal stability and fire resistance in comparison with pure 

PMMA. It was also found that improvement in thermal stability of PMMA seems to be 

higher in the case of Al2O3 than for AlOOH. Greater reduction in pHRR (peak heat release 

rate) was observed with PMMA/AlOOH 20% and PMMA/Al2O3 15% samples.  

In order to achieve exfoliated structure, a novel method has been employed to prepare 

PMMA/clay nanocomposites by in-situ polymerization of MMA in the presence of 

triethylaluminum modified MMT-k10 clay (Cui et al., 2008). The exfoliated structure of the 

nanocomposites was identified by the XRD and TEM. The TEM images confirmed that clay 

layers were disorderly distributed in the polymer matrix. The glass transition temperature 

(Tg) was improved by 0.5 to 4.5 
o
C for different nanocomposites. The PMMA 

nanocomposites were found to retain 80% transparency, which is important for optical 

application. Thermal stability was also enhanced by 45-58 
o
C at 5 wt.% weight loss as a point 

of comparison. The storage modulus of nanocomposites was 20 -54% higher than that of neat 

PMMA. The tensile properties were also significantly increased as the amount of clay 

increased. The tensile strength of nanocomposites was up to 70 MPa for 7.26 wt.% of clay 

content, and the tensile modulus exhibited a 20% higher value than that of neat PMMA.    

Huang et al., (2013) synthesized five different kinds of phosphorous-nitrogen containing 

quaternary ammonium salts (PNQASs) for the modification of clay and studied the influence 

of different PNQASs modifiers on the flammability properties of PMMA/MMT 

nanocomposites prepared by in-situ polymerization technique. The XRD spectra exhibited 

that all the PMMA nanocomposites have exfoliated structure except for the PMMA/Na-

MMT and PMMA/PAAB-MMT nanocomposites. From the TEM analyses, it was confirmed 

that PMMA/PHAB-MMT sample has better dispersed clay layers than the PMMA/Na-MMT, 

PMMA/CTAB-MMT, PMMA/PAAB-MMT, PMMA/PAEAC-MMT and PMMA/PAHAC-

MMT compositions. The different nanocomposites demonstrated 3 to 23 
o
C improvement in 

thermal degradation temperature when 20% weight loss is considered as point of references. 

The peak heat releasing rate was recorded to be 34% lower for PMMA/PAEAC-MMT 

compared to pure PMMA. The DMA results suggested that PMMA/PHAB-MMT sample has 

the highest storage modulus and improvement in Tg value of 8 
o
C over other samples.  
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PMMA/layered silicate nanocomposites produced via melt intercalation technique were 

reported by Mohanty et al., (2010) and the influence of different layered silicates on the 

morphological, thermal and mechanical properties was studied. They have used different 

types of organoclays such as Closite 30B (C30B), Closite 20A (20A) and Bentone 109 

(B109) for the preparation of nanocomposites. In order to improve the interfacial adhesion 

between organoclays and PMMA matrix, the later had been modified by maleic anhydride. 

The intercalated structures of different nanocomposites were identified by XRD analysis; 

however the TEM analysis confirmed that partially exfoliated layers of clay were present in 

the PMMA matrix. At 10% weight loss, the thermal stability was increased by 5 to 27 
o
C for 

different nanocomposites. The tensile properties elucidated that tensile strength and modulus 

of PMMA/C30B (5%) nanocomposites were 22 and 35% higher over pristine PMMA, 

respectively. The flammability property of different nanocomposites was also enhanced by 

25 to 36 mm/min.  

Organically modified nanoclay was incorporated in the PMMA matrix through melt-

extrusion process (Unnikrishnan et al., 2011). Three different organoclay modifiers with 

varying hydrophobicity (single tallow vs. ditallow) were investigated. Both XRD and TEM 

analyses identified the presence of partially intercalated and exfoliated nanocomposites 

structures after the reinforcement of the filler in the PMMA matrix. The TGA analyses 

suggested that thermal stability was enhanced by 3 to 16 
o
C at 50% weight loss (T50%).  The 

activation energy was also improved by 23 kJ/m for PMMA/C30B sample over pure PMMA. 

The reinforcement also led to the improvement in the tensile modulus by 36% for PMMA/3% 

C10A sample; however tensile strength and impact strength were reduced for all the 

compositions. The rate of burning was noticed in the following order: PMMA/C93A > 

PMMA/C10A > PMMA/C30B > PMMA.  

Fu et al., (2006) reported the preparation of PMMA/clay nanocomposites by solvent co-

precipitation method, which was later used for microcellular foams. In this work, they 

investigated the effect of nanoclay on the mechanical properties of PMMA/clay 

nanocomposites foams. PMMA nanocomposite with only 0.5 wt% of well dispersed 

montmorillonite nanoclay showed considerable improvement of mechanical properties, 

especially in elastic modulus, tensile strength, elongation at break with an increase of 24%, 

54% and 97%, respectively. However, with further increased load of clay (0.5 wt.%) in the 

nanocomposites, the mechanical properties decreased due to the agglomeration of excessive 
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nanoclay. The agglomerated nanoclay promoted stress concentration in the PMMA matrix 

and therefore decreased the tensile strength and elongation at break. 

A series of PMMA/MMT nanocomposites containing (1-10 wt.%) of Cloisite 15A modified 

with N,N’-dimethyl, dehydrogenated tallow quaternary ammonium salt was prepared by bulk 

polymerization and melt compounding method (Krajnc and Šebenik, 2008). The properties of 

nanocomposites containing same compositions prepared by two methods were compared. It 

was observed that PMMA nanocomposites prepared by melt compounding method had 

highly oriented structure with lower d-spacing values compared to bulk polymerization. The 

enhanced PMMA penetration between the MMT layers and degradation of organic modifier 

at 200 
o
C were the two main reasons for lower interlayer spacing as noticed in melt 

compounded samples. Both reasons led to the fracture of melt compounded nanocomposites 

on the MMT-polymer interface. The enhanced Tg (5-10 
o
C) and thermal stability (5-16 

o
C) 

were also noticed for bulk polymerized nanocomposites.  

A variety of nanocomposites were synthesized by bulk polymerization of MMA as well as by 

extrusion of PMMA (Ratinac et al., 2006). Various types of nanoclays were employed for the 

fabrication of nanocomposites i.e. commercial and lab-synthesized clay by different 

modifying agents. The influence of organoclay and processing parameters on the structure of 

PMMA/clay nanocomposites was examined. From the result, it was observed that 

quaternary-alkyl ammonium surface modification of MMT dramatically improved polymer 

intercalation and the dispersion of clay at the microscale in bulk-polymerized PMMA. It was 

also found that incorporation of a polymerizable modifier in an organoclay significantly 

increased the exfoliation and polymer intercalation during polymerization of MMA. The 

presence of excess modifier in the organoclays improved the nanoscale and microscale 

structures of bulk-polymerized PMMA nanocomposites. It was also noticed that PMMA 

nanocomposites prepared by extrusion produced better structures than bulk polymerization. 

In a separate contribution, Laachachi et al., (2009) investigated the effect of ZnO and 

organomodified montmorillonite (MMT) clay on thermal degradation of poly(methyl 

methacrylate) nanocomposites. The PMMA nanocomposites were prepared by melt blending 

method using different loading of nanofiller (2, 5 and 10 wt.%).  The XRD result revealed 

that exfoliated and intercalated structure were obtained at lower (2%) and higher (3, 5%) 

loading, respectively. However, TEM analyses provided the partially exfoliated/intercalated 

morphology even for 2 wt.% loading. The PMMA/ZnO nanocomposites exhibited two 
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contrary effects, under oxidative medium, a catalytic effect at lower loading in PMMA 

matrix and stabilizing effect at higher loading. The PMMA/OMMT nanocomposites 

stabilized the thermal degradation of PMMA in both oxidative and inert atmosphere.  

The organophilic montmorillonite (OMMT) was synthesized by cationic exchange between 

Na-MMT and cetyltrimethylammonium bromide (CTAB) in aqueous solution (Wei’an et al., 

2003). Thereafter, the PMMA/OMMT nanocomposites were prepared by γ-ray irradiation 

polymerization. The FTIR results exhibited the characteristic peak of C-H stretching that was 

recorded at 2850 and 2919 cm
-1

 for CTAB. Both XRD and TEM analyses confirmed the 

presence of intercalated nanocomposites after the incorporation of OMMT in PMMA. The 

TGA results suggested that thermal stability can be quickly gained at 3 wt.% OMMT, 

however at higher loading (10 wt.%), thermal stability does not increase quickly. The 

nanocomposites also demonstrated an increase in storage modulus and Tg as suggested by 

DMA results.  

Zhang et al., (2009) synthesized PMMA-mesoporous silica nanocomposites by in-situ batch 

emulsion polymerization of methyl methacrylate in the presence of large pore MSU-F silica. 

The sample containing 5 wt.% silica demonstrated an increase of onset decomposition 

temperature (temperature at 10% weight loss) of 41 
o
C in comparison to pure PMMA. The 

glass transition temperature of the PMMA/MSU-F(5%) sample was also enhanced by 9.3 
o
C. 

The storage modulus was increased by 80% at 100 
o
C. Substantial improvements in tensile 

strength, (+50%) and modulus (+72%) were achieved with PMMA/MSU-F(10%). The 

sample prepared by compression molding exhibited less improvement in thermal stability, 

glass transition temperature and mechanical properties with respect to in situ batch emulsion 

polymerization. 

In the work reported by Zhu et al., (2002), three different kinds of ammonium salts were 

utilized to organically modify the sodium MMT (Cloisite Na
+
) clay. The PMMA 

nanocomposites with these clays were prepared by bulk-polymerization technique. The XRD 

and TEM analysis confirmed that the PMMA-Bz16 nanocomposites have intercalated 

structures whereas PMMA-Allyl16 and PMMA-VB16 exhibited mixed intercalated-

exfoliated nature. The TGA results indicated that the thermal degradation temperature of 

different compositions was enhanced by 39 to 43 
o
C at 50% weight loss. The lowest peak 

heat release rate (PHRR) was recorded for PMMA-Bz16 sample; however the PMMA-

Allyl16 nanocomposite exhibited 29% higher tensile strength over pristine PMMA. 
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PMMA nanocomposites with organically modified montmorillonite (PMMA/OMMT) 

prepared via solution intercalation method were reported by Yamagata et al., 2012. Two 

different kinds of OMMT (NZ70 and NX) modified with quaternary alkylammmonium ions 

were reinforced into the PMMA matrix to prepare the nanocomposites. From the XRD 

results, it was found that the peak related to d001 was shifted to lower 2θ, implying the 

expansion or partial exfoliation of silicate layers. The TEM images also exhibited that clay 

layers were well dispersed in the polymer matrix although some aggregates were also 

noticed. The flexural modulus of the PMMA/OMMT nanocomposites increased favorably 

with an increasing amount of OMMT and found maximum at 4 wt.%. Similarly, toughness 

was also enhanced for nanocomposites containing NX, especially at 1 and 2 wt.%. The 

enhancement in the reinforcement of nanocomposites may be due to shear deformation and 

stress transfer to silicate platelets. The results also suggested that the use of NX with a highly 

hydrophobic grade has the potential to improve the properties of PMMA/OMMT 

nanocomposites.  

PMMA/MMT nanocomposites were synthesized by in-situ polymerization using ethanol and 

acetonitrile as solvent (Valandro et al., 2013). Two different kind of organmontmorillonite 

(SWy-1-C8-Mt and SWy-1-C16-Mt) were prepared by ion-exchange process and used in 

different loadings (1, 3 and 5%). The XRD results demonstrated that intercalated as well as 

exfoliated structures were obtained for different nanocomposites. It was also noticed that clay 

mineral loading and the solvent used for the preparation of polymer-clay nanocomposites 

have direct influence on the morphological structures. The different nanocomposites were 

exposed to UV light at 40 
o
C for photooxidative degradation followed by size exclusion 

chromatography (SEC). The different compositions exhibited a significant decrement in 

number average molecular weight (Mn) after 15-20 h of irradiation. The SEC suggested that 

pure PMMA and nanocomposites were degraded by random chain scissions. It was also 

found that most of the samples prepared in acetonitrile showed lower degradation rate 

coefficient; however, for pure PMMA, it was 6 times larger than polymer nanocomposites. It 

was also found that nanocomposites with higher loadings showed slow rates of oxidation.   

In order to improve the compatibility between polymer matrix and clay platelets, pristine Na
+
 

MMT clay was modified using cocoamphodipropionate (K2). Three different kinds of 

organoclay such as CL42-K2, CL120-K2 and CL88-K2 were synthesized by Tsai et al., 

(2013). Thereafter the respective clays were dispersed in the PMMA matrix via in-situ free 

radical polymerization and the influence of various loadings of clays on the morphological 
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and thermal properties of PMMA investigated. The XRD results clearly indicated that 

layered materials were well dispersed in polymer matrix as no diffraction peaks were 

observed corresponding to clay. The nanocomposites with 3 and 5% loading containing 

CL120-K2 and CL88-K2 clay displayed exfoliated morphology. When 5% weight loss (Td) 

was considered as point of comparison, it was found that the thermal decomposition 

temperature of PMMA/CL88-K2 5 wt.% was about 55% higher than pure PMMA. The 

exfoliated nanocomposites (PMM/CL120-K2 5wt.%) exhibited 26 
o
C improved Tg over pure 

PMMA, which resulted from the strong interactions between the clay layers and polymer 

chains.    

A mica-like K fluorohectorite clay with two aspect ratio (~55 and ~620) was utilized for the 

fabrication of PMMA nanocomposites via melt-compounding process by Fischer et al., 

(2012). The impact of mica-like clay on the mechanical behaviour of PMMA/clay 

nanocomposites was studied. These synthetic PMMA/clay nanocomposites were compared 

with natural bentone clay based nanocomposites. It was noticed that with the addition of 

novel clay, tensile modulus and fracture toughness of PMMA/clay were significantly 

increased compared to pure PMMA. For synthetic clay nanocomposite, tensile modulus was 

increased by 11% at 4 wt.% clay loading. Similarly, the fracture toughness was enhanced by 

25% and 66% for low aspect ratio clay and high aspect ratio clay based nanocomposites, 

respectively at 4 wt.% clay loading. The incorporation of bentone clay led to an increase in 

tensile modulus but tensile strength and fracture roughness were considerably reduced. It was 

also found that elongation at break reduced for both, synthetic and bentone clay based 

nanocomposites. The bentone and synthetic clay nanocomposites demonstrated 65% and 

24% reduction in elongation at break, respectively, with 4 wt.% clay loading. The SEM 

morphology stated that bentone clay formed large agglomerate whereas the synthetic clay 

was well dispersed in the polymer matrix.   

The effect of quaternary ammonium salt and MMT on the PMMA nanocomposites was 

examined by Huskic et al., 2012. The PMMA nanocomposites were synthesized by one-step 

in situ solution polymerization method using MMT modified with cetyl-trimethylammonium 

bromide (CTMAB). It was observed that small amount of CTMAB reduces the molar mass 

(Mw and Mn) of PMMA nanocomposites. The 
1
H NMR confirmed the different functional 

group in the PMMA nanocomposites. The signals for methoxy and methyl groups of PMMA 

were found at 3.6 and 0.8-1.3 ppm, respectively. The formation of intercalated 

nanocomposites was further verified by XRD and TEM analyses. The Tg results suggested 
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that glass transition temperature was found to be lower for nanocomposites containing 

modified MMT with respect to non-modified MMT. The thermal stability was also enhanced 

by the addition of modified MMT (up to 3 wt.% loading). 

The different loading (1-10 wt.%) of sodium MMT was reinforced into the PMMA matrix 

and the morphological and optical characteristics were examined out by Yeom et al., 2004. 

The PMMA/MMT nanocomposites were synthesized by emulsion polymerization method. 

The XRD results suggested that d001 peak (interlayer spacing) of clay was intensively 

suppressed by the PMMA/clay nanocomposites. The TEM also reflected highly dissociated 

silicate layers in the polymer matrix. As the loading increased, the storage modulus was also 

enhanced well below the Tg of the different PMMA nanocomposites. The Tg of neat PMMA 

was recorded as 118 
o
C, whereas for different nanocomposites, it was found between 142 to 

150 
o
C. UV/VIS measurement showed slightly higher absorbance for nanocomposites as 

compared to neat PMMA, however it was well below the transparency limit, representing 

that nanocomposites formation under emulsifier-free condition is highly favorable to reduce 

the UV/VIS absorbance.  

In order to improve the dispersion of silica nanoparticles in the PMMA matrix, the silanol 

groups were functionalized with methacrylate groups. Thereafter, the PMMA/silica 

nanocomposites with and without modified silica were prepared by in-situ free radical 

polymerization method (Kalajahi et al., 2013). The TGA results proposed that thermal 

decomposition temperature was improved by the addition of silica nanoparticles in the 

polymer matrix and it was higher for modified nanocomposites than pristine ones. The 

highest Tg was obtained at 7wt.% silica content, while Tg value of modified nanocomposites 

was higher than pristine nanocomposites. It was also observed that the addition of filler 

content alters the kinetics of polymerization and increases the conversion up to 7 wt.% clay 

loading. Table 1.1 summarizes the literature of PMMA/MMT nanocomposites based on the 

modifier involved.  
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Table 1.1 Classification of literature based on various modifiers used for modification of clays 

 

Authors 
Polymer 

matrix 
Nanofiller Modifier 

Method of 

preparation 
Remarks 

Huang et al., 

2013 

PMMA MMT phosphorous-nitrogen 

containing quaternary 

ammonium salts (PNQASs) 

in-situ 

polymerization 

(i) Exfoliated structure obtained as suggested by 

TEM. 

(ii) At 20% weight loss, thermal degradation 

temperature was enhanced by 2 to 33 
o
C. 

Cui et al., 

2008 

PMMA MMT-k10 

clay 

triethylaluminum in-situ 

polymerization 

(i) Nanocomposites retained 80% transparency. 

(ii) At 5% weight loss, thermal stability was 

improved by 45 to 58 
o
C. 

Valandro et 

al., 2013 

PMMA OMMT octyltrimethylammonium 

bromide (C8) and 

hexadecyltrimethylammonium 

bromide (C16)  

in-situ 

polymerization 

(i) Number average molecular weight (Mn) was 

significantly reduced after 15-20 hours, when 

exposed to UV light.  

Tsai et al., 

2013 

PMMA MMT cocoamphodipropionate (K2) in-situ 

polymerization 

(i) Exfoliated morphology obtained. 

(ii) Thermal degradation temperature was improved 

by 55%. 

(iii) Tg was enhanced by 26 
o
C. 

Huskic et al., 

2012 

PMMA MMT cetyl-trimethylammonium 

bromide 

in-situ 

polymerization 

(i) Intercalated structure was confirmed by XRD and 

TEM. 

(ii) Modified MMT demonstrated lower Tg than 

unmodified MMT. 

(iii) CTMAB reduced the molar mass of 

nanocomposites. 

Fischer et al., 

2012 

PMMA Bentone 38 

and Mica-

like clay 

Alkyl  ammonium chains melt 

compounding 

(i) Tensile modulus was increased by 11%. 

(ii) Fracture toughness was improved by 66% for 

high aspect ratio mica-like clay. 

Laachachi et 

al., 2009 

PMMA  boehmite  

and alumina  

 melt blending (i) Peak heat release rate (pHRR) was reduced for 

AlOOH (20%) and Al2O3 (15%) based 

nanocomposites. 
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Authors 
Polymer 

matrix 
Nanofiller Modifier 

Method of 

preparation 
Remarks 

Mohanty et 

al., 2010 

PMMA Cloisite 30B, 

Cloisite 20A 

and Bentone 

109 

methyl tallow bis-2 

hydroxyethyl ammonium, 

dimethyl dihydrogenated 

tallow ammonium and 2-

methyl dehydrogenated tallow 

ammonium ion 

melt 

intercalation 

(i) Partially exfoliated structure as suggested by 

TEM. 

(ii) At 10% weight loss, thermal degradation 

temperature was enhanced by 2 to 33 
o
C. 

(iii) Improvement in tensile strength (22%) and 

modulus (35%) observed for PMMA/C30B 

nanocomposite.  

Unnikrishnan 

et al., 2011 

PMMA Cloisite 30B, 

Cloisite 10A 

and Cloisite 

93A  

methyl tallow bis-2 

hydroxyethyl quaternary 

ammonium salt, dimethyl 

benzyl hydrogenated tallow 

quaternary ammonium salt 

and methyl dihydrogenated 

tallow quaternary ammonium 

salt 

melt 

intercalation 

(i) Partially exfoliated structure obtained as suggested 

by XRD and TEM. 

(ii) Tensile modulus was improved by 36% for 

PMMA/C10A nanocomposite. 

(iii) At 20% weight loss, thermal stability was 

improved by 3 to 16 
o
C.  

Laachachi et 

al., 2008 

PMMA ZnO 

and Cloisite 

30B 

methyl tallow bis-2 

hydroxyethyl quaternary 

ammonium salt 

melt blending (i) Partially exfoliated/intercalated structure for clay 

based nanocomposite as suggested by TEM. 

Zhu et al., 

2002 

PMMA MMT hexadecylallyldimethyl 

ammonium chloride (Allyl16), 

hexadecylvinylbenzyldimethyl 

ammonium chloride (VB16) 

and 

hexadecylvinylbenzyldimethyl 

ammonium chloride (Bz16)  

Bulk 

polymerization 

(i) Intercalated structure for PMMA-Bz16 

nanocomposite. 

(ii) At 50% weight loss, thermal degradation 

temperature was improved by 39 to 43 
o
C. 

(iii) Tensile strength was enhanced by 29% for 

PMMA-Allyl 16 nanocomposite.  

 

Ratinac et 

al., 2006 

PMMA Cloisite 93A,  

Cloisite 30B 

and 

Bentonite  

methyl dehydrogenated-tallow 

ammonium and bis-2-

hydroxyethyl methyl tallow 

ammonium   

bulk 

polymerization 

and melt 

compounding 

(i) Extrusion produced samples exhibited better 

morphology than bulk method. 
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Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Krajnc and 

Šebenik, 

2008 

PMMA Cloisite 15A N,N’-dimethyl, 

dehydrogenated tallow 

quaternary ammonium salt 

bulk and 

suspension 

polymerization 

(i) Tg (5-10 
o
C) and thermal stability (5-16 

o
C) 

improved for bulk polymerized nanocomposites.  

Okamoto et 

al., 1999 

PMMA 

and PS 

smectic clay oligo-(oxypropylene)-, diethyl-

, methyl-ammonium chloride 

(SPN) 

and  methyl-trioctil-

ammonium chloride (STN) 

free radical 

polymerization 

(i) Intercalated structure obtained as suggested by 

XRD and TEM. 

(ii) Storage modulus was improved for PS (57%) and 

PMMA (34%) based nanocomposites. 

Wei’an et al., 

2003 

PMMA OMMT cetyltrimethylammonium 

bromide 

γ-ray 

irradiation 

polymerization 

(i) Intercalated structure obtained. 

(ii)Thermal stability was increased rapidly at lower 

loading (3wt.%). 

Yamagata et 

al., 2012 

PMMA OMMT quaternary alkylammmonium 

ions 

solution (i) Partially exfoliated structure obtained. 

(ii) Flexural modulus was found to be maximum at 

4wt.% 

 

Fu et al., 

2006 

PMMA clay  solvent co-

precipitation 

(i) Elastic modulus, tensile strength, elongation at 

break increased by 24%, 54% and 97%, respectively.   

Kalajahi et 

al., 2013 

PMMA Silica  in-situ 

polymerization 

(i) Thermal stability and Tg found maximum at 

7wt.% loading. 

Yeom et al., 

2014 

PMMA MMT  emulsion  (i) Tg was enhanced by 27 
o
C as suggested by DMA. 

(ii) UV/VIS absorbance was reduced. 
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1.11.2 Polymer/clay nanocomposites using compatibilizer  

The effect of maleic anhydride-grafted ethylene vinyl acetate (EVA-g-MA) and maleic 

anhydride-grafted linear low density polyethylene (LLDPE-g-MA) compatibilizers on the 

morphological, thermal and crystallization behaviour of ethylene vinyl alcohol (EVOH)/clay 

nanocomposites was investigated by Artzi et al., 2003. The nanocomposites were fabricated 

by melt-blending method containing various content of compatibilizer (1, 5 and 10 wt.%).  

The XRD data suggested that all the nanocomposites possessed intercalated structure. SEM 

micrographs also confirmed that EVA-g-MA compatibilizer provided better dispersion of 

clay over LLDPE-g-MA as the later had bigger particle size. The crystallization temperature 

was lower for compatibilized nanocomposites compared to uncompatibilized and pure 

polymer. From the DMA analysis, it was observed that both storage modulus and Tg were 

reduced with an increase in compatibilizer loading. The TGA results proposed that the 

thermal stability was found to be highest at 10 wt.% loading of compatibilizer for both the 

nanocomposites. At 50% weight loss, the EVA-g-MA and LLDPE based nanocomposites 

containing 15wt.% clay exhibited around 50 and 43 
o
C, respectively higher decomposition 

temperature over pure polymer. 

Hwang et al., (2006) prepared the low density polyethylene (LDPE)/aliphatic polyester 

(APES)/organoclay ternary nanocomposites through melt intercalation method using two 

different kinds of organoclays (Cloisite 20A and Cloisite 30B). The effect of a 

compatibilizer, polyethylene-graft-maleic anhydride (PE-g-MAH), on the properties of the 

ternary nanocomposites was investigated. From the XRD analysis, it was found that all the 

nanocomposites exhibited intercalated structures with and without grafting agent. However, 

the degree of intercalation for LDPE/APES/Cloisite 30B hybrids was higher than the 

LDPE/APES/Cloisite 20A nanocomposites. The AFM results suggested that the silicate 

particles in the nanocomposites were finely dispersed in the matrix with an average length 

from 0.1 to 1 mm for both organoclays. The LDPE/APES/organoclay nanocomposites 

showed higher tensile properties than the corresponding LDPE/APES blends for both type of 

organoclays. It was also observed from the SEM analysis that the LDPE/APES/Cloisite 30B 

nanocomposite showed fine particle-like morphology over Cloisite 20A based 

nanocomposites. The rheological study also suggested that at 1 rad/sec, the storage modulus 

of LDPE/APES/Cloisite hybrids 30B was 58% higher than the LDPE/APES/Cloisite 20A 

nanocomposite
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A terpolymer of ethylene, acrylic ester, and glycidyl methacrylate ester (E-AE-GMA) was 

used as compatibilizer to improve the interaction between poly(trimethylene terephthalate) 

(PTT) and organically treated MMT using torque rheometer (Favaro et al., 2009). The FTIR 

analysis confirmed the various functional groups present in the nanoclay and compatibilizer. 

The XRD results suggested that only intercalated morphology was obtained without 

compatibilizer. However, with the addition of compatibilizer, both intercalated and exfoliated 

structure was obtained for different nanocomposites, which were verified by TEM. The 

thermal degradation was improved for all nanocomposites by 3-14 
o
C as suggested by TGA 

analysis. 

In the work reported by Wang et al., (2009), three different kinds of compatibilizers (PP 

grafted with maleic anhydride (PP-g-MA), ethylene-octene copolymer grafted with MA 

(POE-g-MA), and ethylene-vinyl acetate copolymer grafted with MA (EVA-g-MA)) were 

used as compatibilizers to investigate the influence of interfacial interaction on the 

crystallization and mechanical properties of polypropylene (PP)/nano-CaCO3 composites. PP 

nanocomposites were prepared by melt-intercalation technique. The good compatibility 

between PP chain in PP-g-MA and PP matrix improved the dispersion of nano-CaCO3 

particles, favored the nucleation effect of nano-CaCO3 and increased the tensile strength and 

modulus. However, it reduced the ductility and impact strength of composites. The partial 

compatibility between POE in POE-g-MA and PP matrix had little effect on crystallization 

and mechanical properties of PP/nano-CaCO3 composites. The poor compatibility between 

EVA in EVA-g-MA and PP matrix retarded the nucleation effect of nano-CaCO3, and 

reduced the tensile strength, modulus, and impact strength. 

Hellati et al., (2010) studied the role of compatibilizer, SEBS-MAH (styrene 

ethylene/butylene styrene block copolymer grafted with maleic anhydride) on the 

morphological and mechanical properties of blends i.e. polyethylene terephthalate with 

isotactic polypropylene (PET/iPP) and high density polyethylene (PET/HDPE) blends. The 

results revealed that PET was incompatible with both iPP and HDPE. However, the presence 

of compatibilizer, SEBS-MAH allowed the compatibilization between them. The addition of 

clay (3-5%) induced hardness in the PET/iPP and PET/HDPE blends.  

The PP/Mg2Al LDH nanocomposites were prepared by the direct melt-intercalation method 

using maleic anhydride grafted polypropylene (PP-g-MA) as a compatibiilizer (Lonkar et al., 

2011). The XRD results revealed that morphology was shifted from intercalated to partially 
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exfoliated with an increase in compatibilizer content. The XRD results were further 

supported by TEM analysis, where higher intergallery spacing was observed with highly 

compatibilized nanocomposites. The DSC results displayed that the melting temperature (Tm) 

was marginally improved by 2 
o
C. However, crystallization temperature was enhanced by 11 

o
C as compared to pure PP. The TGA results also revealed that maximum degradation 

temperature (Tmax) was improved by 44 
o
C over pure polymer. From the mechanical analysis, 

it was found that tensile strength, modulus, flexural modulus, izod impact strength were 

improved by 30, 25, 35 and 7%, respectively at 10 wt.% content of compatibilizer. Similarly, 

the oxygen gas permeability was reduced by 29% over pure PP. 

Manjhi and Sarkhel, (2011) studied the influence of MAH-g-EPDM (maleic anhydride 

grafted ethylene propylene diene monomer) on the properties of kaolin reinforced EPDM 

rubber. EPDM-kaolin composites containing various quantity of maleated EPDM were 

prepared by mixing on two roll mill. The FTIR analysis confirmed the presence of different 

functional groups in the composites. The cross-linking density was increased with the 

addition of filler due to interfacial and intertubular interaction between EPDM and filler. 

Similarly, the hardness was also increased with increasing the filler concentration. It was also 

observed that tensile modulus was increased as the concentration of kaolin filler increased 

from 0 to 20 phr.  From the SEM, it was observed that the fillers distributed homogenously 

with increasing the compatbilizer. The rheological study also suggested that optimum curing 

time increases with increasing compatibilizer concentration without decreasing torque value.   

Various weight loadings of MWCNT (2-6 wt.%) were added in the PP nanocomposites 

prepared using two different grades of MA-g-PP via melt-blending process (Ezat et al., 

2012). From the mechanical analysis, it was observed that the addition of compatibilizer 

results in enhanced tensile and flexural modulus due to well dispersion of CNT in polymer 

matrix. It was also noticed that tensile strength decreased in the presence of low molecular 

weight MA-g-PP. The DSC results demonstrated that the crystallization temperature was 

enhanced by 5-6 
o
C at 2 wt.% loading of filler. The morphological analysis carried out using 

SEM revealed that the dispersion of CNT was improved and also decreased the size of 

aggregation in the presence of MA-g-PP with high grafting level.  

The influence of three compatibilizers, poly(styrene-grafted-acrylonitrile)-maleic anhydride 

(SAN-g-MAH), polyethylene-co-glycidyl methacrylate (EGMA) and maleic anhydride 

(MAH) on the mechanical, thermal, morphological and rheological properties of 
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poly(propylene carbonate)(PPC)/poly(methyl methacrylate) (PMMA) blends prepared by 

melt blending was investigated by Yoo et al., (2013). It was observed that tensile strength 

improved with the addition of compatibilizer up to 5 phr and found maximum for SAN-g-

MAH compatibilizer over EGMA and MAH compatibilizer. The droplet size of the dispersed 

phase (PMMA) also reduced with the addition of compatibilizer. The glass transition 

temperature (Tg) was also enhanced by 6 
o
C at 5 phr of SAN-g-MAH. The shift in Tg 

indicated that compatibility was improved between PPC and PMMA. The TGA analysis 

implied that thermal degradation temperature was enhanced by 9 
o
C, when 50% weight loss 

as taken as reference. The increase in complex viscosity of the blend also indicated that 

interaction increased between the two components i.e. PPC and PMMA. 

The polypropylene nanocomposites prepared with dimethyldioctadecylammonium modified 

MMT were evaluated for their mechanical and gas permeation properties (Mittal, 2008). 

Three different kinds of compatibilizers i.e. PP-g-MA1, PP-g-MA2 and PP-b-PPG were used 

to improve the compatibility between the polymer and filler. The XRD results elucidated that 

all the nanocomposites exhibits intercalated structures. The oxygen permeability test showed 

that 2 wt.% compatibilizer (PP-g-MA2) was optimum to reduce the gas permeation for 

PP/OMMT 3% sample. Calorimetric study revealed that melting and crystallinity behaviour 

was remained unchanged even at 8% addition of PP-g-MA2. The tensile modulus was found 

to be maximum (40% higher than pure PP) at 2 wt.% content of PP-g-MA2 compatibilizer.  

Basson and Reenen, (2012) studied the effect of two compatibilizer (PP-g-MA and EvOH) on 

the properties of poly(propylene)-pine wood composites. They found that joint 

compatibilizers of PP-g-MA and EvOH, provided better control over the hardness to impact 

properties of composite materials. It was also observed that some of the properties improved 

depending upon the ratio between PP-g-MA and EvOH used. Table 1.2 summarize the 

classification of literature based on compatibilizers.  
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Table 1.2 Classification of literature based on compatibilizer 
 

Authors 
Polymer 

matrix 
Nanofiller Compatibilizer 

Method of 

preparation 
Remarks 

Artzi et al., 

2003 

EVOH Nanomer-

1.30E clay 

EVA-g-MA 

LLDPE-g-MA 

melt blending (i) Intercalated structure obtained. 

(ii) At 50% weight loss, thermal stability was 

improved by 50 
o
C for nanocomposite 

containing EVA-g-MA. 

Hwang et al., 

2006 

low density 

polyethylene 

(LDPE)/aliphatic 

polyester (APES) 

Cloisite 

20A and 

Cloisite 

30B 

PE-g-MAH melt intercalation (i) Intercalated structure as suggested by XRD. 

(ii) Storage modulus was increased by 58% for 

Cloisite 30B based nanocomposites.   

Favaro et al., 

2009 

poly(trimethylene 

terephthalate) 

(PTT) 

OMMT E-AE-GMA melt blending (i) Both intercalated and exfoliated structure. 

(ii) Thermal stability was enhanced by 3-14 
o
C.  

Wang et al., 

2009 

PP nano-

CaCO3 

 PP-g-MA, POE-

g-MA and EVA-

g-MA 

melt intercalation (i) PP-g-MA increased the tensile strength and 

modulus over other compatibilizer. 

Hellati et al., 

2010 

 (PET/iPP) and 

(PET/HDPE) 

blends 

Bentonite 

clay 

SEBS-MAH melt blending and 

compression 

molding 

(i) Hardness was increased by 60% for PET/iPP 

blends containing 5% clay. 

(ii) PET became compatible with iPP and 

HDPE, in the presence of compatibilizer. 

Lonkar et al., 

2011 

PP Mg2Al PP-g-MA melt intercalation (i) Exfoliated structure obtained. 

(ii) Tensile strength, modulus, flexural modulus, 

impact strength improved by 30, 25, 35 and 7%, 

respectively. 

(iii) Oxygen gas permeability was reduced by 

29%. 

Manjhi and 

Sarkhel, 2011 

EPDM rubber kaolin MAH-g-EPDM compression 

molding 

(i) Cross-linking density and hardness was 

increased with an increase in kaolin loading. 
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Authors 
Polymer 

matrix 
Nanofiller Compatibilizer 

Method of 

preparation 
Remarks 

Ezat et al., 2012 PP MWCNT MA-g-PP melt compounding (i) Aggregation was reduced in the presence of 

compatibilizer. 

(ii) Crystalline temperature of nanocomposite 

was improved by 5-6 
o
C over pure polymer. 

Yoo et al., 

2013. 

poly(propylene 

carbonate)(PPC)/

poly(methyl 

methacrylate) 

(PMMA) 

 SAN-g-MAH, 

EGMA and MAH 

melt blending (i) Tg was improved by 6 
o
C. 

(ii) Thermal stability was enhanced by 9 
o
C. 

Mittal, 2007 PP OMMT PP-g-MA1, PP-g-

MA2 and PP-b-

PPG 

compounding 

followed by 

compression 

molding 

(i) Intercalated structure was obtained. 

(ii) Tensile modulus was increased by 44%.  

Basson and 

Reenen, 2012 

PP pine wood PP-g-MA and 

EvOH 

melt mixing (i) Hardness and impact strength was improved 

by the combination of both compatibilizers. 
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1.11.3 Polymer/Layered Double Hydroxide Nanocomposites 

PP/LDH nanocomposite and PP/MMT nanocomposites were synthesized using melt-

intercalation technique and the properties of these composites were compared (Ding et al., 

2006). The XRD and TEM analyses showed that the PP/LDH nanocomposites had an 

exfoliated structure and the ZnAl LDH layers were well dispersed at molecular level in the 

PP matrix. The TGA and DMA data demonstrated that the PP/LDH nanocomposites 

possessed higher thermal stability as compared to pristine PP and PP/MMT nanocomposites, 

especially at high temperature range. The XPS and FTIR results showed that the photo-

oxidation mechanism of PP in the PP/LDH materials was much lower than that of PP and 

PP/MMT samples, indicating better UV stability of PP/LDH nanocomposites.   

Trujillano et al., (2006) prepared LDH with the hydrotalcite-like structure, containing Cu (II) 

and Al (III) in the layers and different alkyl sulphonates in the interlayer and characterized 

them by XRD, FTIR and TGA analysis. The LDH was prepared by direct synthesis through 

coprecipitation using NaOH as precipitation agent. The sharp XRD peak recorded at 2θ value 

of 12 
o
C corresponding to (003) plane of a hydrotalcite structure. From the width of the 

brucite-like, the interlayer spacing calculated was 0.27 nm, indicating that the carbonate 

anions were located with their molecular plane parallel to the brucite-like layers. They 

reported that after surfactant modification, the diffraction of basal planes shifted towards 

lower diffraction angle, which was expected from the molecular size of the surfactants. 

It was observed from the XRD and TEM analysis that the exfoliated ZnAl LDH layers were 

well distributed in the polystyrene matrix (Ding and Qu, 2006). The completely exfoliated 

morphology were obtained even at 10 and 20 wt.% of LDH loadings in the PS 

nanocomposites, which were prepared by emulsion and suspension polymerization. The 

FTIR spectra confirmed the various function groups in the nanocomposites. The stretching 

vibration of sulfate of SDS was found at 1218 and 1247 cm
-1

. When 50% weight loss was 

selected as a reference, the PS nanocomposite having 5 wt.% LDH, prepared by emulsion 

method, displayed about 28 
o
C higher thermal degradation temperature over neat polymer. 

Ethyl vinyl acetate (EVA) nanocomposites with sodium dodecyl sulfate modified Mg-Al 

LDH was prepared through solution intercalation method by Kuila et al., (2007). The XRD 

analysis showed that (003) peak corresponding to LDH shifted to lower 2θ value, indicating 

the formation of intercalated nanocomposites. However, TEM micrograph exhibited the 

presence of partially exfoliated Mg-Al LDH layers along with the stacked crystallites in the 
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EVA matrix. The tensile strength and elongation at break for the EVA nanocomposite 

containing 1 wt.% LDH increased by 42% and 5%, respectively over neat polymer.  

Du et al., (2007) prepared Nylon 6/Mg-Al LDH nanocomposite by melt intercalation of 

nylon 6 into the part of organo modified Mg-Al LDH interlayer. The XRD analysis 

demonstrated that high LDH loading made the LDH layer difficult to exfoliate. An increase 

of 12 
o
C in crystallization temperature compared to pure nylon 6 was noticed by adding         

5 wt% of Mg-Al (H-DS). The thermal degradation temperature of nanocomposite with 5 

wt.% loading (NC-5) was 19.7 
o
C lower than that of pure nylon 6. The peak heat release rate 

(pHRR) values decreased significantly for the NC-5 sample having 5 wt.% of Mg-Al (H-DS). 

Mg-Al LDH modified with sodium 1-decasulfonate (C10H21SO3Na) was incorporated into 

ethylene propylene diene terpolymer (EPDM) and carboxylated nitrile rubber (XNBR) by 

Pradhan et al., (2008). Both the elasotmers had widely different polarities and functional 

groups. The nanocomposites were compounded by internal mixer followed by compression 

molding press at 150 
o
C and 100 kN pressure. The XRD results demonstrated that 

intercalated structures were present in different nanocomposites. TEM micrographs 

suggested that the Mg-Al LDH were more efficiently exfoliated in XNBR/LDH samples, 

while in the EPDM nanocomposites, the LDH layers were distributed in soft cluster form at 5 

wt.% loading. The XNBR samples (17.83 MPa) exhibited higher tensile strength as 

compared to EPDM nanocomposites (3.25 MPa). Similarly, the tensile modulus and 

elongation were also increased. It was also observed that LDH particle promoted strain-

induced crystallization in XNBR/LDH nanocomposites. 

Qiu et al., (2005) made exfoliated polystyrene (PS)/Zn-Al LDH nanocomposite by in-situ 

atom transfer radical polymerization. When 50% weight loss was considered as a point of 

reference in the TGA profile, the decomposition temperature of PS/Zn-Al LDH   

nanocomposite was about 45 
o
C higher than that of pure PS. 

The influence of two different nanofillers, i.e. adipate-LDH (A-LDH) and 2-methyl-2-

propene-1-sulfonate-LDH (S-LDH) on the physical, thermal, mechanical and fire retardancy 

properties of unsaturated polyester (UP) was investigated by Pereira et al., (2009). The XRD 

result suggested that intercalated morphology was obtained for different nanocomposites. It 

was found from the physical appearance that A-LDH based nanocomposites demonstrated 

homogenous distribution of nanofiller, and the UP/S-LDH nanocomposites had aggregates in 

polymer matrix. The mechanical study revealed that the addition of organo-LDH, reduced the 
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flexural strength. A significant reduction in flammability by 46% was also reported for 

unsaturated polyester nanocomposites filled with 1 wt.% A-LDH. 

Ca-Al LDH modified with benzoate anions (LDH-B) (1-7.5 wt.%) was impregnated into 

poly(styrene-co-methyl methacrylate) matrix by in-situ polymerization process (Matusinović 

et al., 2009). The XRD results indicated that the layered structure of Ca-Al LDH disappeared 

in the nanocomposite due to the disordering. However, the TEM micrographs revealed that 

alternating matrix-particle region appear in the form of intercalated nanocomposite structure. 

The DSC measurements exhibited slightly diminished value of Tg over PS-PMMA 

copolymer. It was also observed that thermal degradation temperature was increased by     

10-26 
o
C for different nanocomposites at 50% weight loss.  

The structural and thermal properties of PS/Co-Al LDH nanocomposites were investigated 

by Krishna and Pugazhenthi (2011). The nanocomposites with various content of LDH were 

prepared by solvent blending method. TEM and XRD analysis verified the formation of 

exfoliated nanocomposites up to 5 wt.% LDH content. The thermal degradation temperature 

of PS nanocomposite containing 5 wt.% Co-Al LDH was found to be 12
 o

C higher than that 

of pure PS when 50% weight loss was selected as a point of comparison. The glass transition 

temperature of PS nanocomposite was about 14 
o
C higher than that of pure PS. 

The thermal degradation behavior of polypropylene/organically modified Co-Al LDH 

(PP/Co-Al-LDH) was studied via TGA analysis by Wang et al., (2011). The different 

compositions of PP/Co-Al-LDH nanocomposites were prepared by melt compounding 

method. The thermal degradation activation energies of the PP/Co-Al-LDH nanocomposite 

were determined via Friedman and Flynn-Waal-Ozawa methods. The effect of Co-Al-LDH 

concentration (1.5-6.0 wt.%) on the thermal properties was investigated. The results clearly 

pointed out that the activation energies of the nanocomposites were higher than pure PP at 

the same weight loss. Two methods demonstrated similar trend of change of activation 

energy with change in conversion (α).  

PP/LDH nanocomposites were synthesized by one step reverse micro emulsion method 

(Wang et al., 2012). Melt rheology of the prepared nanocomposites showed a reduced storage 

modulus (G') and loss modulus (G'') value when the LDH loading is low (less than 2 wt.%). 

The reduced G' and G'' were attributed to the enhanced mobility of confined polymer chains 

at the PP-LDH interface. When the LDH loading increased from 2 to 16 wt.%, both storage 

and loss modulus gradually increased. For PP/LDH nanocomposites, damping factor 
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increased with increasing LDH loading up to 1.5 wt.%, then it started to decrease with further 

addition of LDH. This was due to LDH nanoparticle that restricts the relative motion of 

polymer chains, making the nanocomposite stiffer. Complex viscosity clearly followed the 

trend of storage and loss modulus of PP/LDH nanocomposites. 

The exfoliated nanocomposite based on Mg-Al LDH and PMMA was prepared by 

exfoliation/adsorption process (Li et al., 2003). They found that, decomposition temperature 

of PMMA/LDH nanocomposites corresponding to 5 wt.% weight loss was 288.5 
o
C, which 

was 149 
o
C higher than that of pure PMMA (140 

o
C).  The temperature corresponding to the 

maximum rate of weight loss was 367.2 
o
C and 337.2 

o
C for pure PMMA and PMMA/LDH 

nanocomposite.  

Chen and Qu (2005)
 
reported the improved thermal and mechanical properties for PMA/Zn-

Al LDH nanocomposites over pure polymer. The intercalated nanocomposite was formed by 

in-situ polymerization of methyl acrylate with organomodified Zn-Al-LDH. The tensile 

strength of PMA/Zn-Al LDH nanocomposite was enhanced to 3.81 MPa, compared to the 

pure PMA (0.46 MPa). When, 10% weight loss was taken as the reference point for 

comparison, the decomposition temperature of PMA, PMA/OZn-Al-LDH nanocomposite and 

PMA/OZn-Al-LDH micro composite samples were 325, 342 and 324 
o
C, respectively. 

The disorderly exfoliated PMMA/LDH nanocomposite was prepared by in-situ bulk 

polymerization (Wang et al., 2006). They found that at 5% weight loss, the decomposition 

temperature of PMMA/LDH 5 was about 90 
o
C higher than that of pristine PMMA. The glass 

transition temperature was 22 
o
C higher for disorderly exfoliated PMMA/LDH 

nanocomposite than that of pure PMMA (105 
o
C). The tensile modulus of this nanocomposite 

was enhanced with increased LDH-U content. An increase of LDH-U content from 3 to 5 

wt.% enhanced the tensile modulus from 38% to 80% (1.38 GPa to 1.8 GPa). The 

degradation activation energy of pristine PMMA was 160 kJ/mol, whereas for disorderly 

exfoliated LDHs/PMMA nanocomposite, it was in the range of 200-240 kJ/mol. 

Manzi-Nshuti et al., (2009)
 
investigation revealed that XRD analysis of PMMA/Ca3Al LDH 

and PMMA/Ca3Fe LDH showed exfoliated structure of nanocomposites. TEM analysis was 

also performed to confirm the nanocomposite structure. It was revealed that at lower 

magnification, PMMA/Ca3Fe LDH 5 showed agglomeration in polymer matrix. Higher 

magnification showed that LDHs were seen in group not as individual layers. The TEM 

analysis of other PMMA/LDH nanocomposites showed mixed morphology (both intercalated 
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and exfoliated) at higher magnification. When 10% weight loss was considered as a point of 

comparison, PMMA/Ca3Al LDH10 and PMMA/Ca3Fe LDH10 showed significant 

improvement in thermal stability (28 
o
C and 37 

o
C compared to pure PMMA).  

Nyambo et al.,
 
(2009) worked on the effect of organic modification of LDH. Organic 

treatment of LDH helped to improve structural, thermal and fire retardancy properties of 

PMMA/LDH nanocomposite. TEM micrographs suggested that nanocomposites formation 

was seen in modified LDH, whereas unmodified MgAl-CO3, MgAl-NO3 and calcined LDH 

gave micro-composite structure. Organic modification of MgAl-CO3 gave 51% reduction in 

peak Heat Release Rate (pHRR) value of its nanocomposites. On the other hand, unmodified 

Mg-Al CO3, Mg-Al NO3 and calcined LDH gave only 30% reduction in PHRR value of its 

composites. This analysis clearly indicated the improved fire retardant property due to 

organic modification of LDH. TGA analysis also exhibited higher thermal decomposition 

value for PMMA/organo modified Mg-Al LDH nanocomposites when compared with 

PMMA composites. Table 1.3 summarize the literature review on LDH based polymer 

nanocomposites. 
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Table 1.3 Classification of literature on LDH based polymer nanocomposites  

 

Authors 
Polymer 

matrix 
Nanofiller Modifier 

Method of 

preparation 
Remarks 

Ding et al., 

2006 

PP Zn-Al LDH 

and MMT 

sodium dodecyl sulfate melt intercalation (i) Exfoliated structure as suggested by 

XRD and TEM. 

(ii) PP/LDH nanocomposites had better 

thermal stability over MMT based 

compositions.  

Trujillano et 

al., 2006 

 Cu-Cl LDH octylsulphonate, 

octanebenzenesulphonate, 

dodecylbenzenesulphonate, 

and octadecanesulphonate 

coprecipitation (i) Interlayer spacing of LDH was 

increased after modification. 

Ding and Qu, 

2006 

PS Zn-Al LDH sodium dodecyl sulphate emulsion and 

suspension 

polymerization 

(i) Exfoliated structure. 

(ii) At 50% weight loss, thermal 

degradation was improved by 28
o
C.  

Kuila et al., 

2007 

EVA Mg-Al LDH sodium dodecyl sulfate solution intercalation (i) Intercalated structure obtained. 

(ii) Tensile strength was increased by 

42%. 

Du et al., 

2007 

Nylon 6 Mg-Al LDH sodium dodecyl sulfate melt intercalation (i) Intercalated structure obtained. 

(ii) Crystallization temperature was 

improved by 12
o
C. 

(iii) Thermal degradation temperature 

was enhanced by 19
o
C.  

Pradhan et 

al., 2008 

 EPDM and  

XNBR 

Mg-Al LDH 1-decasulfonate compression molding (i) Intercalated structure obtained. 

(ii) Tensile strength was improved for 

XNBR (17.83 MPa) over EPDM (3.25) 

nanocomposites.  

Qiu et al., 

2005 

PS Zn-Al LDH sodium dodecyl sulfate in-situ 

polymerization 

(i) At 50% weight loss, decomposition 

was improved by 45
o
C. 
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Authors 
Polymer 

matrix 
Nanofiller Modifier 

Method of 

preparation 
Remarks 

Pereira et al., 

2009 

unsaturated 

polyester 

adipate-LDH 

(A-LDH) and 

2-methyl-2-

propene-1-

sulfonate-LDH 

(S-LDH) 

 sonication followed 

by curing 

(i) Intercalated structure. 

(ii) Flammability was reduced by 46%. 

Matusinović 

et al., 2009 

poly(styrene-

co-methyl 

methacrylate) 

Ca-Al LDH benzoate anions in-situ 

polymerization 

(i) Intercalated structure. 

(ii) At 50% weight loss, thermal 

degradation temperature was improved 

by 26 
o
C.  

Krishna and 

Pugazhenthi, 

2013 

PS Co-Al LDH sodium dodecyl sulfate solvent blending (i) Exfoliated structure. 

(ii) Tg was increased by 14
o
C. 

(iii) Thermal stability was enhanced by 

12 
o
C.  

Wang et al., 

2011 

PP Co-Al LDH DBS melt compounding (i) Activation energy was enhanced 

with increase in LDH loading. 

Wang et al., 

2012 

PP Mg-Al LDH dodecyl sulfate micro emulsion 

polymerization 

(i) Storage and loss modulus was 

increased with increase in loading. 

(ii) Damping factor was reduced at 

higher loading. 

Li et al., 

2003 

PMMA Mg-Al LDH glycine exfoliation/adsorption 

process 

(i) Exfoliated structure. 

(ii) At 5% weight loss, thermal stability 

was improved by 9
o
C.  

Chen and Qu, 

2005 

Poly methyl 

acrylate 

(PMA) 

Zn-Al LDH sodium dodecyl sulfate in-situ 

polymerization 

(i) Intercalated structure. 

(ii) Tensile strength was improved from 

0.46 MPa (PMA) to 3.81MPa (PMA 

nanocomposites). 
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Authors 
Polymer 

matrix 
Nanofiller Modifier 

Method of 

preparation 
Remarks 

Wang et al., 

2006 

PMMA LDH-U 10 - undecenoate in-situ 

polymerization 

(i) Exfoliated structure. 

(ii) Tg was enhanced by 22 
o
C. 

(iii) Tensile modulus was improved 

from 1.38 GPa (PMMA) to 1.80 GPa 

(PMMA nanocomposites). 

Manzi-Nshuti 

et al., 2009 

PMMA Ca3Al LDH 

and Ca3Fe 

LDH 

10 - undecenoate in-situ 

polymerization 

(i) Both intercalated and exfoliated. 

(ii) At 10% weight loss, thermal 

stability of Ca3Al LDH, Ca3Fe LDH 

was improved by 28 and 37 
o
C, 

respectively. 

Nyambo et 

al.,
 
2009 

PMMA MgAl-CO3, 

MgAl-NO3 

and calcined 

LDH 

benzene phosphate melt blending (i) pHRR was reduced by 51% for 

modified MgAl-CO3 based 

nanocomposites. 

(ii) Unmodified LDH exhibited 30% 

decline in pHRR. 
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1.12 OUTCOME OF LITERATURE REVIEW 

 The extensive literatures survey clearly indicated that the incorporation of modified 

MMT has improved the mechanical and thermal properties of PMMA 

nanocomposites. However, none of the earlier researchers reported the effect of MMT 

modified with octadecylamine.  

 The addition of compatibilizer enhanced the compatibility between the polymer 

matrix and nanofiller and as a result, the properties of nanocomposites increased. 

Therefore, the role of compatibilizer needs to be identified for the PMMA/clay 

nanocomposite systems. 

 It is also noticed that very few researchers attempted the fabrication of PMMA/LDH 

nanocomposites. Hence, there is need to explore the properties of PMMA/LDH 

nanocomposites fabricated by melt-intercalation as well as solvent blending methods. 

 Solvent blending method has advantage over melt intercalation, as the former gives 

the exfoliated structure with improved properties. Therefore, the preparation of 

PMMA nanocomposites by solvent blending method needs to be studied and the 

results need to be compared with melt-intercalation technique.   

1.13 OBJECTIVES OF THE THESIS 

The main objectives of the doctoral work are framed as follows:     

 Fabrication and characterization of PMMA/OMMT nanocomposites by melt 

intercalation technique.  

 Role of different compatibilizers on the properties of PMMA/OMMT 

nanocomposites.  

 Fabrication and characterization of PMMA/Co-Al and PMMA/Cu-Cr LDH 

nanocomposites by melt intercalation method. 

 Preparation and characterization of PMMA/OMMT, PMMA/Ni-Al LDH and 

PMMA/Co-Al LDH nanocomposites via solvent blending method.  

1.14 ORGANIZATION OF DOCTORAL THESIS 

The doctoral thesis is organized in following chapter as follows: 
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Chapter 1 elaborates introduction and literature review. 

Chapter 2 addresses the fabrication and characterization of PMMA/OMMT nanocomposites 

by melt intercalation technique using single screw extruder. The properties of 

PMMA/OMMT nanocomposites were evaluated by X-ray diffraction (XRD), transmission 

electron microscopy (TEM), thermogravimetric analysis (TGA), Fourier transform infrared 

spectroscopy (FTIR), Field emission scanning electron microscopy (FESEM), dynamic 

mechanical analysis and mechanical properties measurement.  

Chapter 3 presents the influence of different compatibilizers on the properties of 

PMMA/clay nanocomposites fabricated by melt intercalation technique.  

Chapter 4 deals with the development of PMMA nanocomposites containing Co-Al LDH 

and Cu-Cr LDH by melt intercalation method. The different properties such as flammability, 

rheology and degradation kinetics are also discussed.    

Chapter 5 describes the preparation and characterization of PMMA/OMMT, PMMA/Ni-Al 

LDH and PMMA/Co-Al LDH nanocomposites via solvent blending method. 

Chapter 6 presents the summary of the inference drawn from the present research work and 

provides some suggestion towards future direction of research.  

 



Chapter 2 

 

Fabrication and Characterization of PMMA/OMMT 

Nanocomposites by Melt Intercalation Technique 

This work reports the preparation of PMMA nanocomposites using in-house made 

compatibilizer, maleic anhydride grafted PMMA (PMMA-g-MA) by melt intercalation in the 

presence of nanoclay modified with 15-35% octadecylamine and 0.5-5 wt.% 

aminopropyltriethoxysilane. PMMA nanocomposites containing 5 wt.% nanoclay (with and 

without compatibilizer) were prepared by melt intercalation technique using a single screw 

extruder. The structural, thermal and mechanical properties of the prepared nanocomposites 

were investigated. The structural properties of the polymer nanocomposites were examined 

by the X-ray diffraction (XRD), Field emission scanning electron microscope (FESEM) and 

Transmission electron microscopy (TEM). The thermal properties were characterized by 

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The results 

clearly indicated that thermal stability is influenced by the presence of nanoclay and 

compatibilizer. The PMMA nanocomposite prepared with compatibilizer displays enhanced 

mechanical properties over neat PMMA and the nanocomposite synthesized without 

compatibilizer.  

** The part of this work has been published in Composite Interfaces, 2014, 21, 819-832, 

Nanocomposites, 2016, 2, 109-116. 
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2.1 INTRODUCTION 

PMMA nanocomposites reinforced with various nanofillers, such as clay, carbon nanotubes, 

LDH are evidenced to reveal a noteworthy balance of properties in terms of mechanical, 

thermal and barrier effects (Li et al., 2003; Costache et al., 2006; Ratinac et al., 2006; Oral et 

al., 2009; Tsai et al; 2009; Dortmans et al., 2013). Laachachi et al., (2009) reported that the 

PMMA nanocomposites containing variable loading of boehmite (AlOOH) and alumina 

(Al2O3) fillers developed by melt blending method displayed around 17-35 
o
C higher thermal 

stability over pure PMMA. PMMA/alumina nanocomposites prepared by Singh et al., (2007) 

revealed that the presence of alumina nanoparticles improved the impact strength of the 

nanocomposite by 84% compared to pure polymer. Kiersnowski et al., (2013) synthesized 

PMMA nanocomposites using MMT modified with (3-acrylamidepropyl) 

trimethylammonium chloride via emulsion and in situ polymerization method. The results 

indicated that the emulsion polymerization was more effective for deflocculating and 

intercalating the clay particles with polymer matrix, leading to better thermal stability over 

in-situ polymerization method. PMMA/OMMT nanocomposites prepared by bulk 

polymerization and melt compounding method were reported by Kranjnc et al., (2009). The 

results clearly indicated that the nanocomposites prepared via melt compounding showed ~11 

o
C higher glass transition temperature (Tg) with respect to bulk compounding method at 10 

wt.% loading of filler. Brostow et al., (2010) have studied the influence of clay content on the 

tribilogical behaviour of PMMA-brazilian clay nanocomposites. The dynamic friction of the 

nanocomposite increased with an increase in the clay content that results higher wear rate 

compared to pure polymer. In the study of Meneghetti et al., (2006), the nanocomposite 

samples synthesized via emulsion polymerization demonstrated around 18 
o
C higher Tg when 

compared with pure PMMA and the sample prepared by in situ polymerization displayed 

about 10 
o
C lower Tg value than the emulsion polymerization. Sahoo et al., (2007) 

investigated the fabrication of PMMA/MMT nanocomposites by emulsion-free 

polymerization technique, and the nanocomposites showed better fire-retardant properties 

than the pure polymer. Methyl methacrylate oligomerically-modified clay was used by Zheng 

et al., (2005) to produce PMMA/clay nanocomposites by melt compounding. They noticed 

that the clay was homogenously dispersed in polymer matrix, demonstrating good 

compatibility with methyl-methacrylate. PMMA/silica nanocomposites with 70 wt.% of 

silica content exhibited better hardness and thermal stability (Liu et al., 2005). Kuan et al., 

(2008) have reported that thermal stability of PMMA composites increased about 84 
o
C by 
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the incorporation of expandable graphite. It is well documented in the literature that the 

modifier used in the clays also plays a key role in determining the final properties of polymer 

nanocomposites. Recently, Mohanty et al., (2010) developed PMMA nanocomposites using 

MMT clay (Cloisite) modified with various chemicals/modifiers including methyl tallow bis-

2-hydroxyethyl ammonium (C30B), dimethyl-dihydrogenated tallow ammonium (C20A). 

The results suggested that the PMMA nanocomposites prepared using clay modified with 

methyl tallow bis-2-hydroxyethyl ammonium (PMMA/C30B) demonstrated significantly 

improved mechanical properties than that of PMMA/ C20A. 

The objective of this study is to examine the effect of nanoclay which is modified by 

octadecylamine and compatibilizer, PMMA-g-MA on the properties of PMMA 

nanocomposites prepared by melt blending technique. The structural, thermal and mechanical 

properties of the nanocomposites are evaluated using various techniques.   

 

2.2 EXPERIMENTAL 

2.2.1 Materials 

PMMA (IG 840) used in this study was a commercial product from LG Polymers, South 

Korea.  The melt flow index (MFI at 230 
o
C) and specific gravity of PMMA are 5.8 g/10 min 

and 1.18, respectively. Nanoclay (Nanomer 1.31 PS, MMT clay modified with 15-35% 

octadecylamine and 0.5-5 wt.% aminopropyltriethoxysilane) was purchased from Sigma-

Aldrich, USA. Methanol was procured from Merck India Ltd. Benzoyl peroxide and maleic 

anhydride were supplied by Loba Chemie Pvt. Ltd. Xylene was obtained from Rankem, 

RFCL Limited India. All the materials were used as received, without further purification. 

2.2.2 Synthesis of PMMA-g-MA 

The procedure adopted for the synthesis of maleic-anhydride grafted PMMA was reported 

elsewhere (Kakati et al., 2012). PMMA (50 g) was first dissolved in 500 mL of xylene at 100 

o
C. When the PMMA was completely dissolved, 4 g of maleic anhydride (mixed into 

minimum quantity of isopropyl alcohol) and 0.4 g of benzoyl peroxide was added in the 

previous solution with continuous stirring. Then the resulting solution was heated at 100 
o
C 

for 7 h. Finally, the grafted PMMA was precipitated in methanol and the obtained powder 

was known as PMMA-g-MA that was used as a compatibilizing agent in the blending of 

nanoclay with PMMA. 
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2.2.3 Preparation of PMMA nanocomposites  

PMMA nanocomposites containing organically modified nanoclay was prepared by melt 

blending method. Before melt intercalation, PMMA pellets and nanoclay were dried in a 

vacuum oven at 80 
o
C and 65 

o
C, respectively for 12 h. PMMA nanocomposites containing 5 

wt.% nanoclay (with and without compatibilizer) were prepared by melt intercalation 

technique in a single screw extruder (Make: Neoplast Engineering Pvt. Ltd., Ahmedabad, 

India; Model : SSE = 25; L/D=25). The processing temperature was maintained at 150, 200, 

210, 220, and 210 
o
C for the feed zone, metering zone, compression zone, adapter zone and 

die-head, respectively. The rotation speed was set at 100 rpm. In a typical experiment,         

90 wt.% of PMMA, 5 wt.% nanoclay and 5 wt.% PMMA-g-MA were fed into the extruder, 

and the obtained extrudate was quenched in water at room temperature. Subsequently, the 

extrudate was cut into pellets and then oven-dried before being injection moulded (Texair 

JTS 40 semi-automatic injection moulding machine) at 215-235 
o
C to make specimens for 

mechanical testing. Hereafter, the nanocomposites prepared with 5 wt.% nanoclay and 5 

wt.% PMMA-g-MA are referred as PMMA-5-G, while the nanocomposite prepared with 5 

wt.% nanoclay (without PMMA-g-MA) is referred as PMMA-5. The composition of the 

nanocomposites is listed in Table 2.1. 

Table 2.1 Composition and TGA results for neat PMMA and its nanocomposites 

Sample 

Name 

PMMA 

(wt %) 

Clay 

Loading 

(wt%) 

PMMA-

g-MA 

(wt%) 

Temperature 

(T10%) at 10% 

weight loss (
o
C) 

Temperature 

(T50%) at 50% 

weight loss (
o
C) 

Neat PMMA 

 

100 - - 343.6 371.1 

PMMA-5 

 

95 5 - 351.0 381.6 

 

PMMA-5- G 

 

90 5 5 350.6 381.9 

 

2.2.4 Characterization Techniques 

2.2.4.1 XRD Analysis 

The XRD profile of nanoclay and various PMMA nanocomposite samples was done under 

air at room temperature, using the AXS D8 ADVANCE Fully Automatic Powder X-ray 

Diffractometer (Bruker) equipped with a Cu-Kα radiation (λ = 0.15406 nm) and Ni filter. The 

patterns were recorded for 2θ range from 1
o
 to 70

o
 with a scan speed of 0.05

o 
sec 

-1
.  
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2.2.4.2 FTIR Analysis 

The synthesized PMMA nanocomposites were analyzed using Shimadzu (Japan) Fourier 

transform infrared spectroscopy (FTIR) to confirm the presence of various peaks in the 

polymer nanocomposites. 

2.2.4.3 FESEM Analysis 

FESEM analysis was carried out to study dispersion of nanofiller in the fractured surface of 

the nanocomposites using field emission scanning electron microscope (Make: Zeiss, 

Germany, Model: Sigma). The samples were mounted on special stubs and coated with gold 

by sputter coater, prior to examination under the electron beam. The image of the fractured 

samples were recorded by the use of 2 kV accelerating voltage.   

2.2.4.4 TEM Analysis 

The TEM image of PMMA nanocomposites was obtained on a transmission electron 

microscope (Make: JOEL, USA, Model: JEM-2100) with an accelerating voltage of 200 KV. 

2.2.4.5 Mechanical Properties 

The tensile and flexural tests for the nanocomposite samples were carried out in accordance 

with ASTM D638 and D790, respectively using INSTRON (M 3382, U.K.), Universal 

Testing Machine. The tensile strength and Young’s modulus for the sample (165.1×19.0×3.0 

mm) were measured at a cross-head speed of 5 mm/min. For the measurement of flexural 

strength and modulus of the composites, a rectangular bar (127×12.7×3mm) was placed on 

the three point bending configuration at 1.42 mm/min deformation rate. The tensile and 

flexural tests were carried out for five samples of each composition and the average value 

was reported. All the tests were performed at 23 ± 2 
o
C and at a relative humidity of 50 ±5%. 

Charpy impact measurement was done using an Impactometer (M/s Tinius Olsen, U.S.A.) as 

per ASTM D256. The hardness (Shore D) values of various nanocomposites were measured 

according to ASTM D2240. The hardness test was carried out on each sample with 15 

readings, and the average value was reported.  

2.2.4.6 DSC Analysis 

Differential scanning calorimetry (DSC) was performed on a Metler Toledo-1 series to 

evaluate the glass transition temperature (Tg) of the PMMA nanocomposites. Samples were 
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heated from 25 to 250 
o
C at a rate of 10 

o
C min

-1
 under nitrogen atmosphere (N2 flow rate of 

50 mL/min). Around 6 mg of extruded pellets were used for DSC analysis.  

2.2.4.7 Thermogravimetric analysis 

Thermogravimetric analyses (TGA) of the nanocomposites and nanoclay were carried out on 

Mettler Toledo thermo gravimetric analyzer, (TGA/SDTA 851
®

 model, Switzerland). 

Samples were placed in 900 µl crucible. The samples were heated from room temperature to 

700 
o
C at a heating rate of 10 

o
C/min under nitrogen flow of 60 mL/min. 

2.2.4.8 Dynamic mechanical analysis 

Dynamic mechanical properties of the nanocomposites (sample size: 35 mm 

× 12 mm × 3 mm) were determined on a TA Instrument (Q-800) New Castle, DE, USA. The 

temperature dependence frequency was taken as 1 Hz in the temperature range of 25-150 
o
C 

with a heating rate of 3 
o
C/min.  

2.2.4.9 Atomic Force Microscope (AFM) 

The surface morphology was analyzed in non-contact mode using Atomic Force Microscope 

(AFM) instrument, Model No. 5500 series, Agilent Technologies, U.S.A. The images were 

recorded at ambient conditions (25 
o
C and 30% relative humidity). The scan angle was 

perpendicular to the surface of specimen. All offline image flattening and analyses of the 

images were conducted using software, WSxM v5.0. 

2.2.4.10 Optical Test 

The optical test for nanocomposite samples was performed according to ASTM D1003 on 

spherical haze-meter instrument (Make: Diffusion Systems Ltd., U.K., Model: EEL 057D). 

2.2.4.11 Flammability Test 

The PMMA nanocomposite specimen with dimension of 127 × 12.7 × 3 mm was employed 

for flammability test in accordance with ASTM D635 method. The gauge length was 

maintained constant (25 mm). The samples were kept horizontally to perform test and 

average rate of burning was reported in mm/min. 

2.2.4.12 Rheological Analysis 

The rheological properties of neat PMMA and PMMA/nanoclay nanocomposites were 

measured by Anton Paar rheometer (Model: MCR 101, Make: Austria) in an oscillation mode 
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with parallel plate geometry using 25 mm diameter disc at 200 
o
C. Samples with 1 mm 

thickness were prepared by compression molding at 220 
o
C and 40 kg/cm

2
 pressure. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 XRD Analysis 

XRD is utilized as a valuable tool to characterize the types of the layered structure, i.e. 

intercalated and/or exfoliated polymer/clay nanocomposites, because the peak position 

changes with the gallery height of the nanoclay. In the case of intercalated nanocomposites, 

the XRD peak is seen at a larger d-spacing value than in the clay, whereas in the case of 

exfoliated structure, no peak is seen. The d001 spacing is calculated from the peak position 

using Bragg’s law: nλ = 2d sin θ, where λ is the X-ray wave length (1.5406 Å) and n = 1. 

Figure 2.1 depicts the XRD patterns of nanoclay and various PMMA nanocomposites. The 

basal spacing (d001) of (001) peak that appears at 2θ value of 4.15
o
 for the nanoclay is 

determined to be 2.13 nm. For neat PMMA, the diffraction peak appears at 2θ = 13.34
o 

and 

the large broad hump originates from the PMMA matrix. It is evident from Figure 2.1 that for 

the PMMA-5 sample, the basal spacing (d001) of (001) peak of the clay layers increases to 

3.67 nm from 2.13 nm of the pure nanoclay. A similar range of basal spacing (3.54 nm) is 

also found for PMMA-5-G sample. It is noticed that nanoclay layers in the nanocomposites 

have been intercalated because single extended polymer chains can penetrate between the 

silicate layers, and a well-ordered multilayer morphology results with alternating polymeric 

and inorganic layers. These results are in agreement with the studies reported by Morgan and 

Gilman, (2003) for polymer-layered silicate nanocomposites.  
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Figure 2.1 XRD patterns of nanoclay, neat PMMA, PMMA-5 and PMMA-5-G 

nanocomposites 

 

2.3.2 FTIR Analysis 

FTIR technique has been used to study the chemical interaction between the nanoclay and 

PMMA. Figure 2.2 displays the FTIR spectra of nanoclay, neat PMMA, PMMA-5, and 

PMMA-5-G samples prepared by melt intercalation method. The FTIR spectrum of nanoclay 

demonstrates that the band appears at 1046 cm
-1 

is attributed to the Si-O stretching vibration 

of clay. Two peaks are noticed between 3300 and 3700 cm
-1

, which correspond to –OH 

stretching vibration. The first peak appeared at 3630 cm
-1

 is assigned to the isolated OH 

groups, and the other groups, which are involved in hydrogen bonding, are observed at 3246 

cm
-1

. Three subsequent peaks are recorded at 2922, 2849 and 1465 cm
-1

 which denotes CH2 

asymmetric stretching, symmetric stretching, and in-plane scissoring vibrations, respectively. 

The peaks exhibited at 917, 750, 530, and 458 cm
-1

 correspond to AlAlOH, AlMgOH, Al-O 

and Mg-O bending vibrations, respectively (Madejová, 2003). The absorption band at 1612 

cm
-1

 resembles the bending vibration mode of hydrated water molecules and weakly bonded 

water molecules (Manoratne et al., 2006). 

           The FTIR of PMMA and its nanocomposites shows a characteristic peak at 1731 cm
-1

, 

which denotes the >C=O group present in the polymer. The peak at 986 represents the –C-H 
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bending of the polymer chain. The band observed at 1436 cm
-1

 corresponds to -O-CH3 

deformation of PMMA. The band observed at 2994 cm
-1 

is due to the ester methyl stretching 

vibrations. The band that occurs at 2950 cm
-1 

shows the asymmetric stretching vibration of    

–CH3 group, which is broadening in the PMMA-5-G nanocomposite. A very clear and sharp 

peak is noticed in the range of 3438-3442 cm
-1

 that shows the intra-molecular hydrogen 

bonding between the nanoclay and PMMA. As the neat polymer and compatibilizer mainly 

consists of PMMA, it is observed that there is not much difference among samples (b), (c), 

and (d). Mohanty et al.,(2010) also reported a similar type of result with PMMA-g-MA and 

Closite 30B clay. 

 

 

Figure 2.2 FTIR spectra of nanoclay, neat PMMA, PMMA-5 and PMMA-5-G 

nanocomposites 

 

2.3.3 FESEM Analysis 

FESEM studies were carried out to examine the state of clay dispersion in the polymer 

matrix, fracture surface, nanoclay-polymer interactions at the interface and the load transfer 

mechanism. Figures 2.3 shows the FESEM micrographs of fractured PMMA-5-G 

nanocomposite after tensile test. In the case of PMMA-5-G nanocomposite sample, it is seen 
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that the distribution of nanofiller is more uniform with 5 wt.% of nanoclay loading. It is 

believed that the compatibilizer i.e. PMMA-g-MA located in the interphase may act as a 

bridge between the polymer matrix and nanoclay and thus enhances the load ability of the 

nanocomposite, which results in improved mechanical strength. On the other hand, fractured 

nanocomposite (Figure 2.3c) reveals that clay platelets are intact with some pullouts as 

represented by holes. 

At higher magnification (Figure 2.3d), filler particles detach themselves from the 

polymer matrix during fracture as shown by the clean surface of the particle and the hole left 

around it. Since FESEM magnification is not able to show intercalated or exfoliated clay 

platelets, the morphological characterization of nanocomposites prepared are further carried 

out using TEM instrument.  

 

 

Figure 2.3 FESEM images of PMMA-5-G nanocomposite  
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2.3.4 TEM Analysis 

 

(a) (b) 

 

Figure 2.4 TEM images of PMMA-5 (a) and PMMA-5-G (b) nanocomposites 

XRD analysis provides the information about gallery spacing of the clay. However, stronger 

evidence is needed for the judgment about an intercalated or exfoliated structure as well as to 

explain the dispersion of clay in polymer matrix. Cross-referencing XRD results with the 

TEM study would provide a basis for more objective analysis. The morphological structure 

of the nanocomposites was studied by the TEM analysis. Figure 2.4(a) shows the TEM image 

of PMMA-5 nanocomposites, signifying the formation of intercalated structure. The clay 

platelets are arranged in parallel manner that leads to tactoid structure. It is also found from 

the XRD analysis that d-spacing of PMMA-5 sample increases to 3.67 nm compared with 

nanoclay (2.13 nm). This confirms that nanoclay layers are intercalated in the polymer 

matrix. 

Figure 2.4(b) represents the TEM image of PMMA-5-G nanocomposite (prepared 

with 5 wt.% nanoclay and compatibilizer). This image gives an idea about the nanolevel 

dispersion of the clay and confirms the partially exfoliated and intercalated morphology of 

the nanocomposite. From the TEM image, dark lines represent nanoclay layers, whereas the 

bright areas represent PMMA matrix. In comparison with the PMMA-5 sample, the 

distribution of clay layers is better in the PMMA-5-G sample, which clearly demonstrates the 

role of compatibilizer (PMMA-g-MA). 
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2.3.5 Tensile Properties 

One of the main aims of incorporating nanoclay into polymer matrix is the reinforcement 

provided by clay platelets with polymer matrix that leads to an improvement in mechanical 

properties. Figure 2.5 depicts the tensile strength and modulus of the PMMA nanocomposites 

and neat PMMA. It is clear that the PMMA nanocomposites (PMMA-5 and PMMA-5-G) 

offer an enhanced tensile modulus in comparison with neat PMMA. The PMMA-5 sample 

displays a marginal increase in tensile modulus compared to neat PMMA, which is probably 

due to insufficient interaction of the filler to polymer matrix. On the other hand, PMMA-5-G 

sample demonstrates drastic improvement in tensile modulus with respect to PMMM-5 and 

neat PMMA. The obtained results indicate that there is effective stress transfer from filler to 

the matrix in the presence of high aspect ratio nanoclay. The increase in tensile modulus of 

the PMMA-5-G sample over other nanocomposites is due to the formation of strong 

interfacial bonds between the anhydride groups of maleic anhydride with -OH groups in 

nanoclay, which results in good dispersion of the nanoclay in the polymer matrix. A similar 

observation was also reported by Pavlidou et al., (2008) for PP/PP-MA nanocomposites. 

As expected, the introduction of nanofiller into the polymer matrix alters the tensile 

strength of the polymer. Also, the strength is sensitive to the degree of dispersion of the clay 

and its interaction with the polymer matrix. It is observed from Figure 2.5 that the tensile 

strength of the nanocomposite prepared without compatibilizer (PMMA-5) decreases with the 

addition of nanoclay, while the PMMA-5-G sample displays a slightly higher tensile strength 

as compared to PMMA-5 and neat PMMA. A decrease in the tensile strength for the   

PMMA-5 sample is possibly caused by the poor interaction between nanoclay and polymer 

matrix. This creates stress concentration in the polymer matrix and therefore decreases the 

tensile strength of PMMA-5 sample (without compatibilizer). However, the addition of 

compatibilizer, PMMA-g-MA, increases the interaction between nanoclay and maleic 

anhydride group present in the compatibilizer that results in improved tensile properties of 

the PMMA-5-G sample over other samples (PMMA-5 and neat PMMA). These results 

clearly reveal that the incorporation of nanoclay and PMMA-g-MA into the nanocomposite 

system increases the stiffness and rigidity of the polymer nanocomposites due to increasing 

the compatibility between PMMA and nanoclay, due to the presence of PMMA-g-MA. 

PMMA-5-G sample shows an increment of 8% and 98% in tensile strength and modulus, 

respectively, compared with neat PMMA. While the tensile strength of the PMMA-5-G 
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sample is slightly increased, the tensile modulus is about doubled by the addition of 5 wt.% 

compatibilizer. Recently, Unnikrishnan et al., (2011) have also reported the reduction in 

tensile strength for PMMA nanocomposites prepared with various clays. 

 

 

Figure 2.5 Tensile properties of neat PMMA, PMMA-5 and PMMA-5-G 

nanocomposites 

 

2.3.6 Flexural Properties 

The effect of clay as well as compatibilizer on the flexural properties of PMMA 

nanocomposites is illustrated in Figure 2.6. An addition of 5 wt.% nanoclay in the PMMA 

(PMMA-5 sample) displays slight improvement (3%) in modulus over neat PMMA. 

However, a remarkable enhancement in the modulus of PMMA-5-G sample is observed by 

the addition of PMMA-g-MA. This improvement is about 17 and 21% higher than that of 

PMMA-5 sample (without compatibilizer) and neat PMMA, respectively. This is due to 

better dispersion of nanoclay in the PMMA matrix and a strong interfacial adhesion between 

the nanofiller and polymer matrix. A similar result was also reported by Chow et al., (2005) 

for the organoclay reinforced polyamide-6/polypropylene nanocomposites. 
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It is noteworthy to mention that the flexural strength of the nanocomposites can be 

either increased or decreased, which depends upon various factors, such as dispersion of the 

nanoclay, interaction of polymer matrix with the filler, organic modifier in the clay, and 

filler-filler interaction of the clay (Lim et al., 2006). The flexural strength of PMMA-5 

sample (see Figure 2.6) decreases when compared to neat PMMA, which is probably due to 

agglomeration of nanoclay or filler-filler interaction. On the other hand, addition of 5 wt.% 

compatibilizer (PMMA-g-MA) increases the flexural strength of the nanocomposite 

(PMMA-5-G) in comparison with neat PMMA and PMMA-5 sample. Comparing with neat 

PMMA, the presence of nanoclay and PP-g-MA has better enhancement effect on the 

nanocomposite matrix. This indicates that the interfacial bonding facilitates an effective 

transfer of load between the polymer and nanofiller. It is also understood that the presence of 

compatibilizer and nanoclay can boost the fracture energy and offer a strong interfacial shear 

stress. As a result, crack propagation can be blunted. PMMA-5-G sample shows an increment 

of 15 and 21% in flexural strength and flexural modulus, respectively, compared with neat 

PMMA. The enhancement of the mechanical properties of the nanocomposite is considered 

to be associated with increasing the compatibility of PMMA with nanoclay by the presence 

of PMMA-g-MA. A similar result was also reported by Lim et al., (2006) for PP 

nanocomposites. 

 

Figure 2.6 Flexural properties of neat PMMA, PMMA-5 and PMMA-5-G 

nanocomposites 
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2.3.7 Hardness 

Shore D hardness (ASTM D2240) of neat PMMA and its nanocomposites is shown in Figure 

2.7. The hardness of PMMA nanocomposite enhances with the addition of nanoclay. The 

average value of the Shore D Hardness is found to be 81.57, 91.16, and 92.28 for neat 

PMMA, PMMA-5 and PMMA-5-G sample, respectively. The increase in the hardness of 

PMMA nanocomposites is due to presence of clay platelets in the polymer matrix. The clay 

platelets effectively restrict indentation and thus increase the hardness of the nanocomposites. 

It is noticed that the enhancement of hardness of PMMA-5-G sample over PMMA-5 is less 

significant. This demonstrates that compatibilizer, PMMA-g-MA, has very little effect on the 

hardness of PMMA nanocomposite. PMMA-5-G sample exhibits a maximum improvement 

of Shore D hardness of about 11% over neat PMMA. 

 

 

Figure 2.7 Hardness of neat PMMA, PMMA-5 and PMMA-5-G nanocomposites 

 

2.3.8 Differential Scanning Calorimetry  

To investigate the mobility of PMMA chains in terms of its Tg (glass transition temperature) 

in the clay layers, DSC study of neat PMMA and the nanocomposites has been carried out 

and the results are illustrated in Figure 2.8. The glass transition temperature is determined at 
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the inflection point between the onset and the end-set temperatures. DSC thermograms 

represent the presence of second order transition corresponding to the Tg of neat PMMA 

matrix around 109.31 
o
C. However, there is no first order transition, which indicates the 

absence of melting temperature, thus confirming amorphous characteristics of the matrix 

polymer. DSC isotherm of PMMA-5 nanocomposite reveals Tg around 110.36 
o
C. The 

grafted sample i.e. PMMA-5-G also demonstrates glass transition temperature around   

109.58 
o
C indicating no appreciable effect of grafting agent (PMMA-g-MA) on the 

segmental mobility of the matrix polymer. The results are in agreement with studies reported 

by Unnikrishnan et al., (2011). The Tg of intercalated polymer nanocomposites is a 

complicated function of the nature of organic modifier, weight loading of clay, the mean 

dominant d001 spacing of the interlayer gallery space and dispersion and arrangement of the 

clay stacks in the polymer matrix.  

 

 

Figure 2.8 DSC curves of neat PMMA, PMMA-5 and PMMA-5-G nanocomposites 
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2.3.9 Thermogravimetric Analysis  

TGA is used to characterize the degradation and thermal stability of the polymer. The 

dispersion of clay is known to improve the thermal stability of the polymers. Figure 2.9 

represents the TGA curves for nanoclay, neat PMMA and PMMA nanocomposites (PMMA-

5 and PMMA-5-G). The TGA graph of nanoclay exhibits that total weight loss of about 30% 

occurs between 50 to 800 
o
C. A small weight loss at temperature <300 

o
C corresponds to the 

removal of adsorbed water present in the nanoclay. The weight loss between 300 and 450 
o
C 

is due to the degradation of the organic modifier present in the clay. There is also 

decomposition at above 450 
o
C, which is correlated with dehydroxylation of aluminosilicate. 

The parameters that are important from TGA curves are the onset of degradation, 

which is usually taken as the temperature at which 10% degradation occurs, T10%, and the 

midpoint temperature of degradation, T50%. From the TGA curves, it is clear that the thermal 

stability of both PMMA-5 and PMMA-5-G samples is higher, which is confirmed by shifting 

of the TGA curve of PMMA nanocomposites towards right of the TGA curve of neat 

PMMA. When 10% weight loss is selected as a point of comparison, the decomposition 

temperature of neat PMMA, PMMA-5, and PMMA-5-G is found to be 343.6, 351.0 and 

350.6 
o
C, respectively. The results demonstrate that the degradation of the nanocomposites 

takes place at a higher temperature than that of neat PMMA (7-8 
o
C higher than that of neat 

PMMA) in the presence of nanoclay. When 50% weight loss is chosen as a point of 

reference, the decomposition temperature of the nanocomposites is found to be 10-11 
o
C 

higher than that of neat PMMA. This behavior could be explained by the presence of barrier 

effect of nanoclay lamellar layers, which limit the emission of the produced degradation 

gases and transmission of heat, therefore resulting in the improvement in thermal stability of 

the nanocomposites. These results disclose that the PMMA nanocomposites exhibit better 

thermal stability than that of neat PMMA. The increase in the onset temperature signifies 

delayed degradation of PMMA nanocomposites. These results are in agreement with the 

results reported by Sahu et al., (2011) on the thermal degradation of PS/OLDH 

nanocomposites. The first TGA derivative curve for neat PMMA and PMMA 

nanocomposites is shown in Figure 2.10. The peak indicates the maximum degradation 

temperature. All the first TGA derivative curves of PMMA nanocomposites shift towards 

right side of neat PMMA indicating higher thermal stability of the nanocomposites that will 

lead to better service performance of the nanocomposites at an elevated temperature. Table 

2.1 summarizes the TGA results of the nanocomposites. 
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Figure 2.9 TGA curves of nanoclay, neat PMMA, PMMA-5 and PMMA-5-G 

nanocomposites 

 

 

Figure 2.10 TGA derivative of nanoclay, neat PMMA, PMMA-5 and PMMA-5-G 

nanocomposites 

 

 



   Chapter 2 

58 
 

2.3.10 Dynamic Mechanical Analysis 

The investigation of storage modulus (E’), loss modulus (E”) and tan δ by DMA are very 

beneficial in determining the performance of a sample under stress at various temperatures. 

The storage modulus (E’) and tan δ, versus temperature for PMMA and its nanocomposites 

measured from 25 to 150 
o
C are illustrated in Figure 2.11(a) and (b). For all the samples, a 

decrease in storage modulus (E’) is observed as the temperature increases. It is seen that at 

above 70 
o
C, the storage modulus decreases sharply with an increase in the temperature. This 

indicates that the material undergoes a glass/rubber transition state. It is also noticed that the 

incorporation of nanoclay into the polymer matrix leads to a considerable increase in the 

storage modulus of PMMA nanocomposites over neat PMMA. This improvement is in 

agreement with the modulus data obtained from the static mechanical test, as discussed in 

earlier sections (2.3.5 and 2.3.6). The raise in the storage modulus is due to reinforcing effect 

of nanoclay, interfacial interaction between clay and polymer that restricts the mobility of 

polymer chains at polymer-clay interface and high modulus of clay. 

 

Figure 2.11 (a) Storage modulus and (b) tan δ of neat PMMA, PMMA-5 and PMMA-5-

G nanocomposites 

 

The effect of PMMA-g-MA and nanoclay on the damping factor (tan δ) for the PMMA 

nanocomposites is displayed in Figure 2.11(b). The tan δ graph exhibits the presence of a 

single glass transition peak around 120 
o
C. According to Chow et al., (2005), the Tg is 

associated with the breakage of hydrogen bonds between the polymer chains that induces 

long range segmental motion in amorphous region. A hump is appeared in the PMMA-5-G 
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sample (see inset Figure 2.11(b)), which is related to those segmental anhydride groups that 

do not contribute in hydrogen bonding. It is observed from the figure that for PMMA-5, tan δ 

peak shifts towards higher transition temperature due to restricted segmental motions of 

PMMA in the clay-polymer interface. As the change in Tg of nanocomposites is narrow, the 

DMA analysis was repeated twice and found similar results. The compatibilizer, PMMA-g-

MA provides enhanced interfacial bonding between clay and polymer; as a result, further 

increase in Tg is observed for PMMA-5-G sample that is confirmed by the rightward shift of 

tan δ peak. 

2.3.11 AFM Analysis  

High resolution AFM images (3D) of neat PMMA and its nanocomposites are illustrated in 

Figure 2.12. It is observed that pits are present in all the images. It is apparent from these 

images that the thickness of PMMA-5 sample increases to 376.3 nm as compared to 157.7 

nm for neat PMMA. In comparison with neat PMMA, the depth of the pits is slightly deeper 

for PMMA-5 nanocomposite. However, no valid tendency can be proved due to small 

analyzed area. Further investigations need to be carried out for determining the number and 

depth of pits. For PMMA-5-G nanocomposite, it is noticed that depth of pits is reduced to 

271.5 nm with respect to PMMA-5 nanocomposite (376.3 nm). This suggests that 

compatibilizer plays an effective role for reducing the thickness (depth of pits) and the same 

time improves the interaction between the PMMA and nanoclay, as evident from the surface 

feature of Figure 2.12(c) with respect to Figure 2.12(b). The 2D images of different 

nanocomposites are given in appendix. 

 

 

Figure 2.12 AFM images of (a) neat PMMA, (b) PMMA-5 and (c) PMMA-5-G 

nanocomposites 
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2.3.12 Optical test 

The optical test was carried out in order to study transmission of light through the sample. 

The effect of nanoclay and compatibilizer (PMMA-g-MA) on the transmittance of PMMA 

nanocomposites are examined and obtained results are reported in Table 2.2. It is found that 

neat PMMA shows the transmittance around 67.3%. The PMMA-5 nanocomposite exhibits 

35% lower transmittance of light with respect to neat PMMA. This indicates that addition of 

nanoclay in the PMMA matrix is strong enough to interfere with transmitted light. In 

addition, staged layers of nanoclay may also occur, which reduces the emitting of light. 

However, in the PMMA-5-G nanocomposite, the compatibilizer (PMMA-g-MA) improves 

the bonding between nanoclay and polymer matrix that results in better dispersion of clay 

particles. As a result, the transparency is more as compared to PMMA-5 sample. 

 

Table 2.2 Optical clarity and rate of burning of neat PMMA, PMMA-5 and PMMA-5-G 

nanocomposites 

Sample Transmittance (%) 

 

Rate of burning 

(mm/min) 

Neat PMMA 67.6 

 

65 

PMMA-5 43.82 

 

41 

PMMA-5-G 47.22 

 

44 

 

2.3.13 Flammability Test 

The horizontal flammability analysis was performed to characterize the rate of burning of 

PMMA with the addition of organically modified nanoclay and the results are presented in 

Table 2.2. The neat PMMA demonstrates a rate of burning of 65 mm/min with melting and 

dripping characteristics. However, in the PMMA nanocomposite samples, the rate of burning 

is decreased considerably demonstrating that nanoclay acts as a barrier in protecting the 

polymer matrix. The PMMA-5 nanocomposite shows lowest rate of burning (41 mm/min) in 

comparison with PMMA-5-G and neat PMMA, which is probably due to the formation of 

silica-rich char that inhibits the out dispersion of the volatile decomposition products. This 

reduction is often observed in intercalated or partly exfoliated clay platelets in 
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polymer/nanoclay systems (Mohanty and Nayak, 2010). The PMMA-5-G nanocomposite 

also displays almost similar rate of burning as PMMA-5 sample suggesting that 

compatibilizer has no effect on the flammability. Zhu et al., (2001) reported that development 

of char acts as barrier to the degradation products and as a heat insulation layer, a catalytic 

charring action of the strongly acidic proton sites created in the silicate by the thermal 

degradation of the organic modifier, and radical trapping by paramagnetic iron within the 

clay. The intercalation of PMMA matrix into clay galleries results in decreased rate of 

burning. The other mechanism proposed by Zannetti et al., (2001) indicates that the clay 

serves as a char promoter by slowing down the degradation and providing a transient 

protective barrier to the nanocomposites.   

 

2.3.14 Rheological Properties 

Rheological analysis of polymer composites is an efficient method to predict the processing 

behavior and microstructure of composites. Many polymer composites showed transition in 

rheological behavior from liquid-like to pseudo-solid-like or solid-like with increasing filler 

concentration (Ray et al., 2002; Krishnamoorty et al., 1996). This transition concentration is 

called the rheological percolation threshold.  The frequency dependence of the storage 

modulus (G’) and loss modulus (G”), measured at 200 
o
C for PMMA and its nanocomposites 

are shown in Figure 2.13 (a, b). The frequency dependence of storage modulus (G’) for the 

PMMA nanocomposites containing nanoclay demonstrates the normal response of a 

conventional thermoplastic polymer with a liquid-like behavior at lowest frequency i.e. 

below 0.1. It is clear from the graph (Figure 2.13 (a)) that neat PMMA along with PMMA-5 

and PMMA-5-G show similar trend at lower frequency region. As the frequency increases, 

the storage modulus is also enhanced and is less dependent on the shear rate. This entire 

phenomenon indicates the behavior from a liquid-like to a solid-like viscoelastic i.e. 

rheological percolation threshold and the formation of nanoclay-polymer chain network. The 

appearance of rheological percolation threshold of PMMA-5 can be attributed to the 

formation of continuous network of nanoclay and polymer chains. However, in the case of 

PMMA-5-G sample, formation of interfacial bond between the anhydride groups of PMMA-

g-MA and amino groups in nanoclay can entangle with polymer chains of matrix to form a 

continuous polymer-nanofiller network. From the loss modulus graph (Figure 2.13 (b)), it is 

observed that at lower frequency, PMMA nanocomposites show higher loss modulus with 
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respect to neat PMMA. This indicates that nanoclay has pronounced effect on it. At higher 

frequency, it is noticed that long-time relaxation for all the samples has perturbed. Nanoclay 

and PMMA-g-MA have less effect. A similar type of results is also reported by Zhang et al., 

(2012) for graphene based PMMA composites. 

 

  
 

Figure 2.13 (a) Storage modulus and (b) loss modulus of neat PMMA, PMMA-5 and 

PMMA-5-G nanocomposites at 200 
o
C 

 

The complex viscosity of the polymer melts can be easily understood by the shear thinning 

phenomenon. This states that polymer melts are non-Newtonian fluids and their viscosity 

decreases with increasing shear rate and this behaviour is considered the most important 

property in polymer processing. The complex viscosity versus angular frequency (ω) of neat 

PMMA, PMMA-5 and PMMA-5-G analyzed at 200 
o
C is displayed in Figure 2.14(a). The 

graph shows that PMMA nanocomposites (PMMA-5 and PMMA-5-G) have a higher 

viscosity at lower frequency in comparison with neat PMMA. At lower frequency, the 

entanglement of polymer chains hinders shear flow and therefore, viscosity is high. As the 

frequency increases, the chains begin to orient in the flow direction and disentangle from one 

another, the viscosity reduces. Finally, the molecules become fully oriented in the flow 

direction at very high frequency. At this point, stable entanglements are no longer possible 

and the viscosity reaches a low-level that is again independent of shear-strain rate. 
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Figure 2.14 (a) Complex viscosity and (b) tan δ of neat PMMA, PMMA-5 and PMMA- 

5-G nanocomposites at 200 
o
C 

 

The tan δ of PMMA and its nanocomposites is shown in Figure 2.14(b). The ratio of loss 

modulus to storage modulus is defined as tan δ. The plot shows a slight increase in tan δ and 

then a major drop as the frequency increases. The physical entanglements of polymer chains 

with the addition of nanoclay particles cause the formation of some network structures 

among the nanoclay particles and polymer chains and also among nanoclay particles 

themselves. The rigid structure of nanoclay particles inhibits the viscous behaviour and 

facilitates the transition from viscous to elastic behaviour. Once the network is formed, no 

further change in loss factor is observed with increasing frequency. The decrease of loss 

factor values in the high frequency region is attributed to the partial orientation of polymer 

chains and nanoclays as result of deformation. Majid et al., (2011) also found similar type of 

reduction in the loss factor for PP/ZnO nanocomposites. 

 

2.4 SUMMARY 

PMMA nanocomposites have been successfully fabricated by melt-blending technique. This 

work demonstrates the role of the compatibilizer, PMMA-g-MA, and nanoclay on the 

mechanical, thermal, and morphological properties of PMMA nanocomposites. TEM images 

show that the lamellar structure of nanoclay is intercalated by polymer chains. The TGA 

result displays that the thermal stability of PMMA nanocomposites is enhanced relatively to 
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the neat PMMA. When 50% weight loss is selected as comparison point, the thermal stability 

of PMMA nanocomposites is 11 
o
C higher than that of neat PMMA. The results of the 

mechanical properties of the PMMA-5-G sample elucidate that the compatibilizer (PMMA-g-

MA) endorses adequate interface adhesion between clay and polymer, resulting in better 

mechanical properties over the neat PMMA and PMMA-5 samples. The addition of clay and 

PMMA-g-MA into the nanocomposites elevates the stiffness and rigidity of the polymer 

nanocomposites. The improvement of tensile strength, Young’s modulus, flexural strength, 

flexural modulus, and impact strength for the PMMA nanocomposite prepared with PMMA-

g-MA (PMMA-5-G) is found to be 40, 87, 41, 17, and 19%, respectively over PMMA-5. It 

can be concluded that the grafting contributes to the mechanical properties of PMMA 

nanocomposites. 

The rheological properties of PMMA nanocomposites (PMMA-g-MA) are also 

successfully examined. It is found that storage and loss modulus increase as the frequency 

increases and it is less dependent at high frequency for a fixed temperature. The shear-

thinning behaviour is also noticed for nanocomposites at 200 
o
C. The optical clarity of 

PMMA-5-G nanocomposite is 7% higher as compared to PMMA-5 nanocomposite. From the 

flammability analysis, it is confirmed that PMMA-5 nanocomposites have ~36% higher fire 

retardancy in comparison with neat PMMA. Since there is not much difference between the 

thermal stability of PMMA-5 and PMMA-5-G sample, kinetic analysis of the different 

compositions is not performed. 

 



Chapter 3 

 

Synthesis and Properties of PMMA/clay 

nanocomposites containing different 

compatibilizers 

In the previous chapter, it was noticed that the addition of compatibilizer (PMMA-g-MA) 

altered the mechanical properties of the nanocomposites. Hence, in order to identify the best 

suitable compatibilizer for PMMA/clay system, the role of three commercially available 

compatibilizers were examined in this chapter. The present work primarily deals with the 

development of poly(methyl methacrylate) (PMMA)/clay nanocomposites containing different 

compatibilizers (PP-g-MA, PE-g-MA and PS-g-MA) with 5 wt.% nanoclay by melt 

intercalation method using co-rotating twin screw extruder. The mechanical, thermal and 

morphological properties of nanocomposites were evaluated by tensile test, impact, 

hardness, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), X-Ray 

diffraction (XRD) and transmission electron microscopy (TEM). The rheological properties 

of the PMMA nanocomposites were analyzed by dynamic mechanical analysis (DMA) and 

parallel-plate rheometer. The results suggest that PMMA nanocomposite prepared with PS-

g-MA compatibilizer promotes adequate interface adhesion between the nanoclay and 

polymer matrix. As a result, PMMA-5-PS sample displays improved mechanical properties 

over PMMA-5-PP and PMMA-5-PE samples.  

**The part of this work has been published in International Journal of Mechanical and 

Materials Engineering, 10 (2015) 7. 
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3.1 INTRODUCTION 

The effect of various compatibilizers on polymer matrix or blends has been studied by 

numerous authors (Shanks and Cerezo, 2012; Dayma et al., 2011; Jiang et al., 2003; Lu et al., 

2004, Zhu et al., 2008). The HDPE and nitrile copolymer nanocomposites with organoclay 

were synthesized by solution blending method and found that greater dispersion was obtained 

in nitrile copolymer matrix (Jeon et al., 1998). Kim et al., (2007) developed PP/clay 

nanocomposites and reported that the aspect ratio of clay decreased when the clay content 

increased and the aspect ratio increased with an increase in the PP-g-MA content. Kitayama 

and co-workers, (1991) prepared triblock copolymer of PMMA and polyisobutylene by 

anionic polymerization and reported that block copolymer formed was rigid spherical 

particles, which can be used as elastomer. Kouini et al., (2012) found that the impact property 

increased with the incorporation of PP-g-MA in PP/PA66 nanocomposites. TPO/PP-g-

MA/MMT nanocomposites prepared by Kim et al., (2007) revealed that the modulus and 

yield strength enhanced by increasing PP-g-MA/organoclay ratios. Zhou et al., (2007) 

prepared the PMMA/PVC by melt blending method using PB-g-MMA as impact modifier. 

The result clearly indicated that the sample broke in brittle mode when the matrix was 

PMMA rich, while in PVC-rich system, ductile fracture occurred. Lai et al., (2009) fabricated 

PP/nanocomposites with two different compatibilizers (POE-g-MA and PP-g-MA) by melt 

mixing method. They found that PP-g-MA compatibilized system conferred higher tensile 

strength, modulus and optical properties as compared to POE-g-MA compatibilized system. 

Wang et al., (2013) reported the development of PP nanocomposites using PP-g-MA by 

compression method. The results suggested that MCM-41 and SBA-15 exhibited favourable 

effect on flammability and tensile properties of PP nanocomposites. Lin and co-workers, 

(2013) studied β-PP/PA6 blends and the results indicated that the addition of PP-g-MA 

resulted in PP-g-MA graft copolymer, which improved the interfacial adhesion and reduced 

the sizes of PA6 domains. Lee et al., (2005) synthesized the PE/clay nanocomposites 

containing PP-g-MA by melt-intercalation method. They found that tensile and gas barrier 

properties were improved at 7% clay loading. Zhao et al., (2008) reported that the Tg and 

thermal decomposition temperature of PMMA nanocomposite were enhanced by 23 and 93 

o
C, respectively in the presence of octavinyl-polyhedral oligomeric silseoquioxane (OV-

POSS). In the study of Wang et al., (2011), the addition of PMMA/MCM-41 filler and PP-g-

MA in PP nanocomposites showed better tensile and impact properties. Quintanilla et al., 

(2006) prepared PP/MMT nanocomposites with different grafting efficiency of PP-g-MA. 
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The result clearly indicated that PP/Cloisite 20A nanocomposites with higher efficiency PP-

g-MA (2.0), exhibited better tensile and impact properties as compared to Cloisite 30B and 

neat clay. The incorporation of POE-g-MA in PET/PP blends considerably improved 

mechanical properties such as elongation at break and impact strength (Chiu and Hsiao, 

2006). It is very clear from the literature review that the compatibilizer plays a major role in 

improving the properties of nanocomposite systems. Hence, it is essential to examine the role 

of various compatibilizers on the properties of PMMA nanocomposites. 

The aim of the present work is to investigate the role of various compatibilizers (PP-g-MA, 

PE-g-MA, PS-g-MA) on the properties of PMMA/clay nanocomposites developed by melt 

blending method. The morphological, thermal and mechanical properties of the 

nanocomposites are evaluated using various techniques. 

3.2 EXPERIMENTAL  

3.2.1 Materials  

Details of PMMA and nanoclay are given in chapter 2 (Section 2.2.1). Polypropylene-grafted 

maleic anhydride (PP-g-MA), polyethylene-grafted maleic anhydride (PE-g-MA) and 

polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-graft-maleic-anhydride 

(PS-g-MA) were purchased from Sigma-Aldrich, USA. Figure 3.1 illustrates the structure of 

these compatibilizers used in this work. 

 

 

Figure 3.1 Structure of different compatibilizers 
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3.2.2 Preparation of PMMA/clay nanocomposites  

Prior to melt intercalation, PMMA pellets and nanoclay were dried in a vacuum oven at 80 

o
C and 65 

o
C, respectively for 12 h. PMMA nanocomposites containing 5 wt.% of nanoclay 

and 5 wt.% of compatibilizer were prepared by melt intercalation technique in a counter-

rotating twin screw extruder (Make: Specifiq Engineering and Automats, Vadodara, India; 

Model-ZV-20 HI TORQUE). In a typical experiment, PMMA, nanoclay and different 

compatibilizers were fed into the extruder and the obtained extrudate was quenched in water 

at room temperature. A schematic representation of twin screw extruder is given in Figure 

3.2. Subsequently, the extrudate was cut into pellets and then dried before being injection 

moulded (JSW, Japan; Model-180 High Pressure) at 180-250 
o
C to make specimens for 

mechanical testing. Hereafter, the nanocomposites prepared using PP-g-MA, PE-g-MA and 

PS-g-MA along with 5 wt.% nanoclay are referred as PMMA-5-PP, PMMA-5-PE and 

PMMA-5-PS (see Table 3.1). Neat PMMA sample was also prepared by a similar method in 

the absence of compatibilizer and clay.  

 

Table 3.1 Composition of PMMA nanocomposites 

Sample  

Name 

PMMA  

(wt%) 

Nanoclay 

 (wt %) 

Compatibilizer 

(wt%) 

 

Neat PMMA 

 

100 - - 

PMMA-5-PP 

 

90 5 5 

PMMA-5-PE 

 

90 5 5 

PMMA-5-PS 

 

90 5 5 
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Figure 3.2 Twin Screw Extruder 

 

3.2.3 Characterization Techniques 

The polymer nanocomposites were characterized under the same conditions as already 

reported in Chapter 2 (section 2.2.4).  

 

3.2.4 Thermal Degradation Kinetics 

Nanoclay was added in the polymer to increase the thermal stability of the polymer 

nanocomposite mainly due to the barrier effect of the clay platelets distributed throughout the 

matrix. The effect of the clay and compatibilizer loading was observed by calculating the 

activation energy of neat polymer and polymer nanocomposites using kinetic models. The 

calculation involves determination of the kinetic parameters such as activation energy, pre-

exponential factor, and order of the reactions of different polymer nanocomposites using 

Coats-Redfern method. Thermal decomposition reaction mechanism of nanocomposites was 

done using Criado method.  

 

Kinetic Methods 

Isothermal rate of conversion is a linear function of rate constant (k) and fractional weight 

loss (α). 

( )
d

kf
dt




          (3.1) 

Arrhenius equation is given by following expression:       
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aE

RTk Ae


           (3.2) 

Combination of equation 3.1 and 3.2 yields, 

( ) ( )
aE

RTd
kf Ae f

dt


 

 
 
           (3.3) 

where, t is  the  reaction  time, T  is  the temperature, R is the gas constant, A is the pre-

exponential factor, Ea is the apparent activation energy,  f(α) is the reaction model and α is  

conversion degree or fractional weight loss. 

0 0( ) / ( )tw w w w            (3.4) 

where, w0, wt and wα are the initial, actual and final weight of the samples during TGA 

analysis. 

d d dT d

dt dT dt dT

  
 

        (3.5) 

where, β = 
d

dT


= heating rate. Now by combining equation 3.3 and 3.5, we get: 

( )
aE

RT
d A

e f
dT








          (3.6) 

Taking integration on both sides and rearranging: 

0 0

( )
( )

aT E

RT
d A

g e dT
f





 



           (3.7) 

where, g(α) is the integral function of conversion degree α. The polymer degradation 

processes, mainly obey the sigmoidal or deceleration functions. For the different solid 

reaction mechanism, g(α) has different expressions, which is presented in Table 3.2. 

(i) Coats-Redfern Method (Coats and Redfern, 1964) 

Using equation 3.7 and putting ( ) (1 )nf     and /ax E RT  rearranging, we get: 

2 2
( ) 1 exp a

a a

EART RT
g

E E RT




   
     

  
    (3.8)  
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g(α) can be written in different ways for different n values: 

when n = 1, ( ) ln(1 )g            (3.9a) 

when n≠1, 
11

( ) [(1 ) 1]
1

ng
n

    


      (3.9b) 

The combination of equation 3.8 and 3.9 and by the rearrangement, we get: 

n=1,  
2

ln(1 ) 2
ln ln 1 a

a a

EAR RT

T E E RT





   
      
     

    (3.10a) 

n≠1,  
1

2

1 (1 ) 2
ln ln 1

(1 )

n

a

a a

EAR RT

n T E E RT





     
     

      

   (3.10b) 

Plotting the left hand side term versus -1/T gives the straight line and the slope gives the 

activation energy. The constant value gives the value of pre-exponential factor (A), by taking 

the expression 
2

1
a

RT

E

 
 

 
 inside the parenthesis as 1. Analysis can be done using only single 

heating data which is different from other kinetic methods where multiple heating data are 

required for analysis. 

 

(ii) Criado Method 

Criado et al., (1989) proposed a method which can accurately determine the reaction 

mechanism in the solid phase reaction process using the activation energy value obtained 

from Coats Redfern method. This method is used to study the mechanism of thermal 

degradation at a particular heating rate. The values of activation energy, pre-exponential 

factor and the apparent order of the reaction are calculated by Coats-Redfern method. 

Criado introduced a new function, Z(α) 

 ( ) ( )T

d

dtZ x



 


         (3.11)  

where, /ax E RT  and π(x) is an estimated expression acquired by integration against 

temperature, which cannot be articulated by simple analysis formula. Paterson (1971) 

proposed a reasonable relationship between π(x) and P(x) 
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( ) ( )xx xe P x           (3.12) 

Senum and Yang, (1977) and Flynn, (1997) projected an estimated biquadratic rational 

expression for P(x): 

3 2

4 3 2

18 86 96
( )

20 120 240 120

xe x x x
P x

x x x x x

   


   
       (3.13) 

when x > 20, Eq.(3.13) can give negligible error, which is the basis for analysing the TG data. 

Combining equation (3.5), (3.11) and (3.12), the following relationship is obtained: 

( ) ( ) ( )Z f g            (3.14) 

The combination of equations, (3.6) and (3.14) results in the following equation: 

( ) ( )
aE

RT
d

Z g e
A dt

 
          (3.15) 

From the equations. (3.5), (3.11) and (3.12) the following relationship can also be obtained: 

( ) ( )
aE

a RT
Ed

Z e P x
dt R


          (3.16) 

Using equation (3.16), Z(α) versus α experimental plots are obtained and then compared with 

the master plot between Z(α) versus α using the equation (3.15) for different mechanism 

function, g(α) and accurately predict the reaction mechanism of the thermal degradation 

reaction.  
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Table 3.2 The expressions of g(α) for the commonly used reaction mechanism of solid 

state process 

Mechanism g(α) Solid state process 

Sigmoidal function 

A2 -[ln(1- α)]
1/2

 Nucleation and growth 

A4 -[ln(1- α)]
1/3

 Nucleation and growth 

A3 -[ln(1- α)]
1/4

 Nucleation and growth 

Deceleration Functions 

 

R2 [1-(1- α)
1/2

] Phase boundary controlled reaction:  

contraction area 

R3 [1-(1- α)
1/3

] Phase boundary controlled reaction:  

contraction volume 

D1 α 
2
 One-D diffusion 

D2 (1- α)×ln(1- α) + α Two-D diffusion 

D3 [1-(1- α)
1/3

]
2
 Three-D diffusion, Jander equation 

D4 (1-2/3α) - (1- α)
2/3

 Three-D diffusion, Ginstlinge 

Brounshtein equation 

F1 -ln(1- α) Random nucleation having one 

nucleus on individual particle 

F2 1/(1- α) Random nucleation  having two 

nucleus on individual particle 

F3 1/(1- α)
2
 Random nucleation having two 

nucleus on individual particle 
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3.3 RESULTS AND DISCUSSION 

3.3.1 XRD Analysis  

XRD is a most useful technique for the measurement of d-spacing of ordered intercalated and 

exfoliated nanocomposites. The intercalated nanocomposite with increased d-spacing denotes 

that polymer has entered the clay gallery. In exfoliated nanocomposites, no peak is noticed 

recommending that a considerable amount of polymer has inserted in the gallery space and 

expanding the clay layers so far (Morgan and Gilman, 2003). The XRD pattern of nanoclay, 

neat PMMA and its nanocomposites in the 2θ range of 1-60
o 
is shown in Figure 3.3.  

 

 

 

 

 

The main diffraction peak for nanoclay, neat PMMA, PMMA-5-PE, PMMA-5-PP 

and PMMA-5-PS sample are obtained at 2θ value of 4.15
o
, 13.34

o
, 2.74

o
, 2.54

o
 and 2.70

o
, 

respectively. The d001 spacing is calculated from peak positions using Bragg’s law: nλ=2d 

sinθ, where λ is the X-ray wave length (1.5406 Å). The basal spacing of the d001 peak of 

organically modified nanoclay is estimated as 2.13 nm. In the nanocomposites, a large broad 

hump is originated from the PMMA matrix. The d-spacing (d001) value of PMMA-5-PE, 

PMMA-5-PP and PMMA-5-PS is found to be 3.22, 3.47, 3.26 nm, respectively. This clearly 

Figure 3.3 XRD pattern of nanoclay, neat PMMA, PMMA-5-PE,  

PMMA-5-PP and PMMA-5-PS nanocomposites 
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reveals that nanoclay layers have been introduced in the nanocomposites as a single polymer 

chain enters between the silicate layers, and a tactoid morphology results with alternating 

polymeric and inorganic layers. The diverse d-spacing value obtained for the PMMA 

nanocomposite with different compatibilizer materials is probably due to the amount of 

polymer penetrated between the clay platelets and the interaction between a particular 

compatibilizer with PMMA matrix. 

 

3.3.2 FTIR Analysis 

Figure 3.4 represents the FTIR spectra of different compatibilizers (PE-g-MA, PP-g-MA and 

PS-g-MA) used in this study. The CH- asymmetric (2930-2970 cm
-1

) and symmetric 

stretching (2840-2860 cm
-1

) are clearly seen in polyolefin based compatibilizers. The 

characteristic peak of grafted anhydride, which is too small to observe, is found at 1843 cm
-1 

(Kouini and Serier, 2012; Wang et al., 1999). In PS-g-MA compatibilizer, the band present at 

671 cm
-1

 is the δc=c of the phenyl group (Li et al., 2002). 

In Figure 3.5, the FTIR spectrum of nanoclay displays that the peak exhibited at 1046 

cm
-1 

is attributed to the Si-O stretching vibration of clay. For nanoclay, two peaks were 

observed between 3300 and 3700 cm
-1

, which corresponds to –OH stretching vibration. The 

first peak at 3630 cm
-1

 is assigned to isolated -OH groups, while the other found at 3246 cm
-1

 

is assigned to isolated hydrogen bonding. Three subsequent peaks were recorded at 2922, 

2849 and 1465 cm
-1

, which denote CH2 asymmetric stretching, symmetric stretching and in-

plane scissoring vibrations, respectively. The peaks appeared at 917, 750, 530 and 458 cm
-1

 

correspond to AlAlOH, AlMgOH, Al-O and Mg-O bending vibration, respectively 

(Madejová, 2003). The absorption band at 1612 cm
-1

 resembles to the bending vibration 

mode of hydrated water molecules and weakly bonded water molecules (Manoratne et al., 

2006). 

The FTIR of neat PMMA and its nanocomposites show a characteristic peak at    

1731 cm
-1

, which denotes the >C=O group present in the polymer. The band at 986 denotes 

the –C-H bending of polymer chain. The peak observed at 1436 cm
-1

 corresponds to -O-CH3 

deformation of PMMA. The band exhibited at 2994 cm
-1

 is due to the ester methyl stretching 

vibrations. The peak appeared at 2950 cm
-1 

corresponding to the asymmetric stretching 

vibration of –CH3 group. A very clear and sharp peak is noticed in the range of 3438-3442 

cm
-1

 that shows the intra-molecular hydrogen bonding between nanoclay and PMMA 
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(Mohanty and Nayak, 2010). As the neat polymer and different composite samples mainly 

consist of PMMA, it is observed that there is no much difference among composites prepared 

with various compatibilizers (Figure 3.5c-e). Mohanty and Nayak, (2010) also reported 

similar type of result with PMMA-g-MA and Closite 30B clay. 

 

 

Figure 3.4 FTIR spectra of various compatibilizers 

 

   

 
Figure 3.5 FTIR spectra of nanoclay, neat PMMA, PMMA-5-PP, 

PMMA-5-PE and PMMA-5-PS nanocomposites 
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3.3.3 FESEM Analysis 

      The field emission scanning electron microscopy (FESEM) is an appropriate method to 

directly reveal the state of clay dispersion in the polymer matrix. FESEM images of PMMA-

5-PP, PMMA-5-PE and PMMA-5-PS nanocomposites prepared by melt-blending technique 

are provided in Figure 3.6. From the image of PMMA-5-PP nanocomposite, it can be seen 

that nanoclay is thoroughly present in web like manner and some places, agglomerated 

particles are also observed. In the case of PMMA-5-PE, it is found that nanoclay is 

homogenously dispersed, however few pin holes are also seen. Relatively, better distribution 

is observed in PMMA-5-PS nanocomposite; meanwhile, accumulated particles are noticed in 

the matrix.  

 

Figure 3.6 FESEM images of (a) PMMA-5-PP, (b) PMMA-5-PE and (c) PMMA-5-PS 

nanocomposites 

 

 



   Chapter 3 

78 
 

3.3.4 TEM Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to XRD investigations, TEM analysis of the PMMA nanocomposites was 

performed to delineate the dispersion status of nanoclay in the PMMA matrix. The TEM 

images of PMMA nanocomposites with different compatibilizer are depicted in Figure 3.7. 

The dark lines (stacked silicate platelets) denote clay tactoids and the rest of the area 

represents organic matrix. The extent of exfoliation and intercalation completely depends on 

the hydrophilicity of the compatibilizer and the chain length of the organic modifier in the 

clay (Wang et al., 2001). All the images exhibit intercalated structure, which is in agreement 

with XRD results as shown in Figure 3.3. In the PMMA-5-PP sample, four to five layers of 

Figure 3.7 TEM images of (a) PMMA-5-PP, (b) PMMA-5-PE and (c) PMMA-5-PS 

nanocomposites 
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nanoclay are stacked together, which leads to tactoid structure. However, it is clearly visible 

from the image of PMMA-5-PE sample (Figure 3.6b) that a small amount of PMMA enters 

into the gallery spacing between the clay platelets resulting in an intercalated structure. The 

PMMA-5-PS nanocomposite has mixed morphological structure, i.e. a combination of 

tactoids and exfoliated particles. 

3.3.5 Tensile Properties 

Figure 3.8 shows the role of different compatibilizer on the tensile properties of PMMA. In 

general, an addition of clay increases the reinforcement of polymer matrix that results in 

enhanced mechanical properties. It is observed from Figure 3.8 that the PMMA 

nanocomposites prepared with different compatibilizers display enhanced tensile modulus 

with respect to neat PMMA. In comparison with neat PMMA, the enhancement of modulus is 

found to be 16, 17, and 20% for PMMA-5-PP, PMMA-5-PE, PMMA-5-PS, respectively. 

This clearly indicates that there is an effective stress transfer from nanoclay to polymer 

matrix in the presence of high aspect ratio nanoscale platelets. It is also observed that 

polystyrene based compatibilizer demonstrates higher modulus when compared with PE-g-

MA compatibilizer. It is presumed that both polystyrene and PMMA are amorphous in nature 

and hence, there may be good miscibility between two polymers that results in increased 

modulus over PMMA-5-PE and PMMA-5-PP nanocomposites. Similar observations were 

obtained by Mohanty and Nayak, (2010) for PMMA-g-MA nanocomposites based on 

Cloisite 30B clay. It is noteworthy to mention that even though tensile strength reduced 

slightly after incorporation of nanoclay, modulus is constantly increased. Similar findings 

were also obtained for polystyrene (Lee et al., 2009) and polyurethane (Chung et al., 2008) 

containing organoclay.   

It is clear from Figure 3.8 that PMMA nanocomposites demonstrate slightly lower 

tensile strength as compared to neat PMMA. It is known that PMMA is brittle in nature to 

some extent, and the addition of nanoclay particles provides further brittleness characteristics 

in the amorphous polymer, thus leading to a slight decrease in tensile strength. It is also 

observed that tactoids structure present in the polymer matrix (see Figure.3.7) leads to lower 

tensile strength. The PMMA-5-PS nanocomposite shows the tensile strength of 55.5 MPa by 

the incorporation of PS-g-MA compatibilizer, which is higher than that of PMMA-5-PP and 

PMMA-5-PE samples. One of the main reasons is that both polystyrene and PMMA are 
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amorphous in nature. Hence, there may be a possibility that PS makes good compatibility 

with PMMA resulting in enhanced tensile strength over other composites. 

 

 

 

 

3.3.6 Flexural Properties           

The influence of different compatibilizers on the flexural properties is depicted in Figure 3.9. 

The PMMA-5-PP, PMMA-5-PE and PMMA-5-PS samples have the flexural modulus of 

4064, 3092 and 3561 MPa, respectively, whereas the neat PMMA sample possesses the 

flexural modulus of 3688 MPa. The PMMA-5-PP nanocomposite shows 10% enhanced 

modulus when compared with pristine PMMA. This elucidates that PP-g-MA provides better 

distribution of silicate platelets of nanoclay in the polymer matrix and as a result, stiffness of 

the PMMA-5-PP nanocomposite is improved. The reduced modulus in the nanocomposite 

may be due to the stacked layers of nanoclay in the PMMA matrix. The degree of 

intercalation/exfoliation, distribution and orientation of nanoclay platelets in the direction of 

flow in PMMA nanocomposites also play a major role in ascertaining the flexural modulus 

(Shah, 2007). Nevertheless, the flexural modulus of the PMMA-5-PS sample is almost same 

Figure 3.8 Tensile Properties of neat PMMA, PMMA-5-PP, PMMA-5-PE 

and PMMA-5-PS nanocomposites 
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as neat PMMA indicating that PS-g-MA compatibilizer makes good bonding with PMMA 

matrix when compared with PE-g-MA. The obtained results are in good agreement with 

polypropylene based nanocomposites using PP-g-MA as a compatibilizer (Kim et al., 2007). 

Similarly, the flexural strength of the PMMA-5-PE sample is lower with respect to neat 

PMMA, which is assumed due to the aggregation of nanoclay arises by filler-filler 

interaction. On the other hand, the addition of PS-g-MA compatiblizer improves the flexural 

strength of the PMMA-5-PS nanocomposite in comparison with PMMA-5-PE sample. It is 

believed that the presence of compatibilizer and nanoclay increases the fracture energy and 

provides a strong interfacial shear stress. Therefore, the applied stress is expected to be easily 

transferred from the polymer matrix onto the nanoclay particles resulting in an enhancement 

of the mechanical properties. The PMMA-5-PS sample exhibits ~53% improvement in 

flexural strength with respect to PMMA-5-PE nanocomposite. 

 

 

 

 

 

 

Figure 3.9 Flexural Properties of neat PMMA, PMMA-5-PP, 

PMMA-5-PE and PMMA-5-PS nanocomposites 
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3.3.7 Impact Strength    

The impact strength of PMMA nanocomposites with nanoclay and different compatibilizer 

are shown in Figure 3.10. It can be seen from the graph that impact energy of different 

PMMA nanocomposites reduces as compared to neat PMMA. The reduction in impact 

strength is presumably due to the partially exfoliated nanoclay platelets in polymer matrix. 

The PMMA-5-PE and PMMA-5-PP nanocomposite exhibit 44 and 56% lower impact energy 

with respect to neat PMMA, respectively. It is observed from these results that polyolefin-

based compatibilizers are not much efficient to improve the reinforcing properties of the 

polymer nanocomposites. It is found that immobilization of macromolecular chains is 

increased by the addition of nanoclay in polymer matrix. Therefore the brittleness property of 

PMMA is further increased, which might be one of the main reasons for reduced impact 

strength.  It is also noticed that the movement of nanoparticles in polymer nanocomposites is 

constrained, as a result unable to provide additional energy dissipating mechanism. Thus, 

during impact test, the nanocomposites absorb a smaller amount of energy through 

deformation, and breaks easily (Mohanty and Nayak, 2010). The PMMA-5-PS sample has 

impact energy of 54.15 J/m and it is about 4.31% lower than the neat PMMA. It is also 

noticed from the mechanical properties that PMMA-5-PS shows very close property to neat 

PMMA. As discussed earlier, polystyrene is amorphous in nature and may have good 

compatibility with PMMA matrix, which is also amorphous. As a result of good blending, the 

impact strength of PMMA-5-PS is close to virgin PMMA. 
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3.3.8 Hardness 

Figure 3.11 represents the Shore D hardness (ASTM D2240) of neat PMMA and its 

nanocomposites. The hardness of PMMA nanocomposites increases with incorporation of 

nanoclay and compatibilizer. The average value of the Shore D hardness is observed to be 58, 

70, 62 and 78 for neat PMMA, PMMA-5-PP, PMMA-5-PE and PMMA-5-PS 

nanocomposites, respectively. All the nanocomposites exhibit better hardness over neat 

PMMA. The increase in the hardness is due to the presence of clay platelets in the polymer 

matrix. The clay platelets adequately restrict the indentation and thus enhance the hardness of 

the nanocomposites. It is noteworthy to mention that improvement of hardness for PMMA-5-

PS sample is significant in comparison with PMMA-5-PP, and PMMA-5-PE. PMMA-5-PS 

nanocomposite demonstrates a maximum improvement of Shore D hardness of 34% over 

neat PMMA. 

Figure 3.10 Impact Strength of neat PMMA, PMMA-5-PP,  

PMMA-5-PE and PMMA-5-PS nanocomposites 
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3.3.9 Differential Scanning Calorimetry 

The DSC study of neat PMMA and its nanocomposites has been carried out in order to 

examine the mobility of PMMA chains in terms of its Tg (glass transition temperature) in the 

clay layers, and the results are displayed in Figure 3.12. The glass transition temperature is 

determined at the inflection point between the onset and the end-set temperatures. The DSC 

graph exhibits the presence of second order transition corresponding to the Tg of neat PMMA 

matrix around 109.3 
o
C. However, there is no first order transition, which indicates the 

absence of melting temperature, thus confirming amorphous characteristics of the matrix 

polymer. The Tg of PMMA-5-PP, PMMA-5-PE and PMMA-5-PS nanocomposite is found to 

be 111.4, 111.5 and 111.4 
o
C, respectively. This demonstrates that nanocomposites exhibit 

marginal improvement in Tg of about 2 
o
C as compared to neat PMMA. The DSC isotherm 

also shows that compatibilizers improved the bonding between the nanoclay and polymer 

matrix, which results in enhanced glass transition temperature. The segmental motions of the 

polymer chains are restricted at the organic-inorganic interface; as a result, Tg has improved 

for nanocomposites. The confinement of polymer chains between the nanoclay layers and 

nanoclay surface-polymer interaction are other reasons for enhanced glass transition 

Figure 3.11 Hardness of neat PMMA, PMMA-5-PP,  

PMMA-5-PE and PMMA-5-PS nanocomposites 
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temperature. Unnikrishnan et al., (2011) also reported improvement in thermal stability for 

PMMA/clay nanocomposites prepared by melt intercalation method. 

 

 

 

 

3.3.10 Thermogravimetric Analysis  

TGA is used to study the thermal degradation and stability of the polymer. The incorporation 

of clay is known to augment the thermal stability of polymers. The TGA results of nanoclay, 

neat PMMA and its nanocomposites are represented in Figure 3.13. The TGA graph of 

nanoclay shows that the total weight loss of about 30% occurs between 50 to 800 
o
C. The 

weight loss between 300 and 450 
o
C is due to the degradation of organic modifier present in 

the clay. The parameters that are important from TGA curves are the onset of degradation, 

which is usually taken as the temperature at which 10% degradation occurs (T10%) and the 

midpoint temperature of degradation (T50%). When 10% weight loss is selected as a point of 

comparison, the decomposition temperature of neat PMMA, PMMA-5-PP, PMMA-5-PE and 

PMMA-5-PS is found to be 343.6, 341.3, 361.2 and 358.7 
o
C, respectively. The result clearly 

explains that the degradation of the nanocomposites takes place at higher temperatures than 

Figure 3.12 DSC curves of neat PMMA, PMMA-5-PP, PMMA-5-PE 

and PMMA-5-PS nanocomposites 
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that of neat PMMA in the presence of nanoclay and compatibilizer. When 50% weight loss is 

chosen as a point of reference, the decomposition temperature of neat PMMA, PMMA-5-PP, 

PMMA-5-PE, PMMA-5-PS is 371.1, 393.4, 407.7 and 403.8 
o
C, respectively, which is 32 to 

36 
o
C higher than that of neat PMMA. The enhancement in the thermal stability of PMMA 

nanocomposites is due to the formation of char that inhibits the out dispersion of the volatile 

decomposition products as a direct result of the decrease in permeability. This reduction is 

commonly noticed in the intercalated or exfoliated clay platelets in polymer/organoclay 

nanocomposites (Unnikrishnan et al., 2011). The PMMA-5-PS nanocomposite shows 27 
o
C 

higher thermal stability as compared to PMMA-g-MA/C30B sample (Mohanty and Nayak, 

2010) at 50% weight loss. It can be concluded that all the compatibilizers improve the 

thermal stability of the PMMA significantly.  

The TGA derivative of PMMA nanocomposites is demonstrated in Figure 3.14. The 

peak indicates the temperature (Tmax) at a maximum rate of degradation. The entire first TGA 

derivative curves for PMMA nanocomposites are shifted towards the right side of neat 

PMMA, indicating enhanced thermal stability. The maximum degradation temperature for 

neat PMMA is 373.69 
o
C whereas of PMMA-5-PS nanocomposite is 414.59 

o
C. This 

indicates 40 
o
C improvement in thermal stability that will lead to better service performance 

of the nanocomposites at an elevated temperature. Similar observations were also reported 

for polystyrene nanocomposites (Sahu and Pugazhenthi, 2011). 

 

 Figure 3.13 TGA curves of nanoclay, neat PMMA, PMMA-5-PP, 

PMMA-5-PE and PMMA-5-PS nanocomposites 
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3.3.11 Dynamic Mechanical Analysis 

DMA is an effective method to study storage modulus (E’), loss modulus (E”) and tan δ of a 

sample under stress at varies temperatures. Figure 3.15 illustrates the storage modulus (E’) 

and tan δ versus temperature for PMMA and its nanocomposites measured from 25 to 140 

o
C. From the graph, it is noticed that at 25 

o
C, the storage modulus (E’) increases from   ~ 

820 MPa for neat PMMA to ~ 1280 MPa for PMMA-5-PS nanocomposite. It is considered 

that addition of nanoclay into the PMMA matrix significantly enhance the storage modulus 

of polymer nanocomposites over the neat PMMA. The improvement of stiffness at room 

temperature is in the resemblance with the modulus, which is already discussed in the 

mechanical analysis. Various factors such as high modulus of clay, interfacial interaction 

between clay and polymer, reinforcing effect of filler and restrained chain mobility of 

polymer chains are directly related to the altering in storage modulus. A gradual decrease in 

storage modulus (E’) is noticed as the temperature increases. It is also observed that above 60 

o
C, the storage modulus declines sharply, which is due to the reduction of stiffness of 

polymer nanocomposites. These findings are in good agreement with the PMMA/OMMT 

nanocomposites (Krajnc et al., 2009).  

Figure 3.14 TGA derivative of nanoclay, neat PMMA, PMMA-5-PP, 

PMMA-5-PE and PMMA-5-PS nanocomposites 
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The effect of different compatibilizers on the loss factor (tan δ) for the PMMA 

nanocomposites is displayed in Figure 3.15(b). The graph indicates a shift in the loss-tangent 

peaks towards higher temperatures, which corresponds to the glass transition temperature 

(Tg). The Tg of the nanocomposites increases to ~ 2-4 
o
C with respect to neat PMMA. This 

evidently indicates that the incorporation of organically modified nanoclay has certainly 

caused restriction of mobility of the polymer chains since the glass transition shifted to higher 

temperatures. Dyama et al., (2011) have also reported a similar type of increment in Tg for 

PA-6/PP-g-MA/nanoclay ternary nanocomposites.  

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3.15 Storage modulus (a) and tan δ (b) of neat PMMA, PMMA-5-PP,       

PMMA-5-PE and PMMA-5-PS nanocomposites 

 

3.3.12 AFM analysis 

High resolution AFM images of neat PMMA and its nanocomposites prepared by 

compression moulding machine are displayed in Figure 3.16. It is observed that pits are 

present in all the images. The height of the pit is increased (except for PMMA-g-PE) from 

157.7 nm (neat PMMA) to 305 nm, after the incorporation of nanoclay in nanocomposites. In 

comparison with neat PMMA, the depth of the pits is slightly deeper for PMMA-5-PP 

nanocomposite. However, no valid tendency can be proved due to small analyzed area. 

Further investigations are required for determining the depth of pits. For PMMA-5-PS 

nanocomposites, it is noticed that depth of pits are reduced to 210 nm with respect to 
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PMMA-5-PP nanocomposites. This suggests that compatibilizer played an effective role for 

reducing the thickness and the same time improving the interaction between the PMMA and 

nanoclay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 AFM images of (a) Neat PMMA, (b) PMMA-5-PP, (c) PMMA-5-PE  

and (d) PMMA-5-PS nanocomposites 

 

3.3.13 Optical Test   

The effect of different compatibilizer on the optical clarity has been examined and it is 

termed as transmittance of light (%) passing through the sample, when it is exposed to light 

source. It is clear from the Table 3.3 that neat PMMA shows maximum transmittance of 

77.0%. PMMA-g-PP nanocomposite displays only 11.3% transmittance of light, which is 

very less with respect to neat PMMA. The PMMA-g-PE nanocomposites exhibits 74.5% 

lower transmittance of light when compared to neat PMMA. This indicates that polyolefin 

based compatibilizer interfere with optical property of polymer matrix and make it almost 

opaque. It is also observed from the Table 3.3 that PMMA-g-PS nanocomposite exhibits 

33.5% transmittance of light through it and is superior as compared to other polymer 

nanocomposites. This again proves that compatibilizer, PS-g-MA contains polystyrene, 



   Chapter 3 

90 
 

which makes good blending with PMMA, as both are amorphous in nature and transparent, 

thus, improves the optical clarity of PMMA-g-PS. 

Table 3.3 Optical clarity and rate of burning of neat PMMA, PMMA-5-PP, PMMA-5-

PE and PMMA-5-PS nanocomposites 

Sample Transmittance (%) Rate of burning 

(mm/min) 

 

Neat PMMA 

 

77.0 

 

65 

 

PMMA-g-PP 

 

11.3 

 

51 

 

PMMA-g-PE 

 

19.6 

 

46 

 

PMMA-g-PS 

 

33.5 

 

41 

 

3.3.14 Flammability Test 

The flammability test was carried out to examine the influence of nanoclay and various 

compatibilizers on the PMMA nanocomposites. It is observed that fire retardancy is 

improved by the incorporation of nanofiller in the polymer matrix (see Table 3.3). The neat 

PMMA exhibits the flame propagation rate of 65 mm/min. In the PMMA nanocomposites, 

flame retardancy is enhanced by the presence of nanofiller and compatibilizer, which acts an 

interfacial agent to make a strong bonding between the nanoclay and PMMA. The network 

structure formed by the nanoclay, acts as a barrier in the polymer matrix. As a result, the rate 

of flame propagation is decreased in PMMA nanocomposites samples. It is noticed that 

PMMA-5-PS sample demonstrates the maximum flame retardancy of 41 mm/min. This may 

be due to the presence of benzene ring in PS-g-MA compatibilizer, which acts as flame-

retardant. Zhu et al., (2001) stated that the formation of char acts as barrier and heat 

insulation layer that reduced the flammability of different nanocomposites. Zannetti et al., 

(2001) proposes that the clay serves as a char promoter by slowing down the degradation and 

providing a temporary protective barrier to the nanocomposites.   
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3.3.15 Rheological Properties 

Rheology study was performed to analyze the viscoelastic characteristic of any polymer 

nanocomposites. It is an important factor in extrusion or injection processing condition. The 

different parameters are discussed as follows: 

Storage Modulus (G’) denotes the elastic or solid like behaviour and it is related to the energy 

stored in the material. Figure 3.17(a) represents the frequency dependence storage modulus 

graph of neat PMMA and its different nanocomposites at 200 
o
C. The graph clearly indicates 

that modulus is increased with the addition of nanoclay in different samples and it is found to 

be maximum for PMMA-5-PS nanocomposite. It is well documented that the polymer 

nanocomposites exhibits the transition from liquid-like to pseudo-solid like or solid like when 

the filler loading increases (Krishnamoorty et al., 1997). This transition concentration is 

known as rheological percolation threshold. It is observed from the storage modulus graph 

that all the samples show similar trend of liquid-like behaviour at lower frequency (< 0.1 s
-1

). 

The storage modulus increases with an increase in frequency and it is less reliant on the shear 

rate. This whole phenomenon demonstrates the liquid-like to solid-like viscoelastic, i.e. the 

formation of strong nanoclay-polymer chain network in the presence of compatibilizer.  

 Loss modulus (G’’) signifies the viscous (liquid-like) behaviour of the polymer melt. 

The loss modulus of neat PMMA and other different nanocomposities is depicted in Figure 

3.17(b). The loss modulus also shows a similar trend of storage modulus. However, at lower 

frequency, PMMA nanocomposites display higher loss modulus with respect to storage 

modulus. It is found that long-time relaxation has perturbed for all the samples at higher 

frequency. Nanoclay layers and compatibilizer have less effect. Zhang et al., (2012) also 

reported similar behaviour for PMMA/graphene composites.  

Loss factor (tan δ) is ratio of loss modulus to storage modulus and it arises due to the 

discrepancy between strain and stress in the polymer when exhibits to an external force, 

which is strongly related to applied frequency. The loss factor of neat PMMA and its 

nanocomposites containing different compatibilizer are depicted in Figure 3.18(a). The loss 

factor (tan δ) of polymer nanocomposites is nearly unconstrained at lower frequency, which 

develops due to the material elasticity. This material elasticity is altered with an addition of 

nanoclay at lower frequency or it is higher for neat polymer. The decrease of tan δ at higher 

frequency is due to partial orientation of nanofiller and polymer chains as a result of 

deformation. 
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Figure 3.17 (a) Storage modulus and (b) loss modulus of (a) Neat PMMA, (b) PMMA-5-

PP, (c) PMMA-5-PE and (d) PMMA-5-PS nanocomposites at 200 
o
C 

  

The complex viscosity of neat PMMA, PMMA-5-PP, PMMA-5-PE and PMMA-5-PS 

nanocomposites at different angular frequency is shown in Figure 3.18(b). At lower 

frequency, complex viscosity increases with the addition of nanofiller. Similar behaviour is 

also observed for both moduli. The polymer melts follows the shear thinning phenomenon 

which representing that polymer melts are non-Newtonian fluids and their viscosity decreases 

with increasing shear rate. Therefore, when the frequency increases, the polymer chains 

begin to orient in the flow direction and disentangle from each other, as a result viscosity 

reduces.   

     

Figure 3.18 (a) Loss factor and (b) complex viscosity of (a) Neat PMMA, (b) PMMA-5-

PP, (c) PMMA-5-PE and (d) PMMA-5-PS nanocomposites at 200 
o
C 
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3.3.16 Kinetics Analysis  

Figure 3.19 (a-d) shows all the linear fitted graph of PMMA and its nanocomposites with 

different compatibilizers. The calculated reaction order at the best R value is considered as 

the reaction order for that sample. Afterwards, the activation energy and the pre-exponential 

factor are estimated from the slope and intercept of fitted straight line. The activation energy 

of neat PMMA, PMMA-5-PP, PMMA-5-PE, PMMA-5-PS sample is 99.4, 101.76, 139.37 

and 137.77 kJ/mol, respectively. It is evident from the Table 3.4 that activation energy (Ea) of 

different PMMA nanocomposite is 2-39 kJ/mol higher than that of pristine PMMA. The 

PMMA-5-PE sample has the highest activation energy value among all other samples. Chen 

and Wang, (2007) also reported the improvement in activation energy of nanocomposites as 

compared to neat polymer, which is in accordance with this work. 

The kinetic parameters obtained from Coats-Redfern method are utilized to estimate 

the different reaction mechanism in Criado method. Figure 3.20 (a-d) displays the Z(α)-α 

master and experimental curve of neat PMMA and its nanocomposites with different 

compatibilizers. It is noticed that for the neat PMMA, experimental Z(α)-α curve initially 

follows A2 reaction mechanism (nucleation and growth) with lower α value (α=0.1-0.2) then 

it deviates from A2 to F1 mechanism (random nucleation having one nucleus on individual 

particle) at medium α value (α=0.3-0.5) and then again deviates from F1 to A4 mechanism 

(nucleation and growth) for higher α value (α=0.7-0.9). In case of PMMA-5-PP 

nanocomposites, Z(α)-α experimental curve initially follows the F1 reaction mechanism and 

then it deviates from it and then follows the A4 reaction mechanism at higher α value (0.9). 

While for PMMA-5-PE and PMMA-5-PS nanocomposite, Z(α)-α experimental curve 

primarily follows the F1 reaction mechanism and at higher conversion follows the A2 

reaction mechanism at higher value of α (0.7-0.9).    
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Figure 3.19 Determination of kinetic parameters by plots of the left part in equation 

3.10 against -1/T using Coats-Redfern method: (a) Neat PMMA, (b) PMMA-5-PP,                

(c) PMMA-5-PE and (d) PMMA-5-PS nanocomposites 
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Table 3.4 Kinetic parameters of different samples at the better correlation coefficient 

obtained from Coats-Redfern method  

Sample Ea(kJ/mol) A n R
 

Neat PMMA 99.2   24.36 x 10
6
 0.6 0.997 

PMMA-5-PP 101.76 145.05 x 10
6
 0.3 0.996 

PMMA-5-PE 139.37 120.17 x 10
8
 0.5 0.992 

PMMA-5-PS 137.77 110.42 x 10
8
 0.5 0.984 

 

 

 

 

 



   Chapter 3 

97 
 

 

 

 

 



   Chapter 3 

98 
 

 

Figure 3.20 Determination of the thermal degradation mechanism by plotting Z(α) 

versus α using Criado model 

 

 

3.4 SUMMARY 

PMMA nanocomposites with different compatibilizer have been successfully prepared by 

melt compounding technique. It is found from the XRD analysis that PMMA-5-PS sample 

shows a d-spacing of 3.26 nm. The TEM image also demonstrates that PMMA-5-PS 

nanocomposite possesses partially exfoliated structure. The tensile modulus of 

nanocomposites increases by the incorporation of compatibilizers and it is found to be 16, 17 

and 20% higher over neat PMMA for PMMA-5-PP, PMMA-5-PE, PMMA-5-PS, 

respectively. The hardness (Shore D) is also improved by 34% for PMMA-5-PS as compared 

to neat PMMA. TGA study reveals that all the nanocomposites exhibit enhanced thermal 

stability when compared with pristine PMMA. The DSC results show that glass transition 

temperature (Tg) is marginally improved by 2
o
C. DMA suggests that storage modulus is 

enhanced by the strong bonding between clay and polymer matrix induced by 

comaptibilizers. It is clearly found that optical clarity and flammability are reduced with 

addition of clay. As suggested by Coats-Redfern method, the activation energy of PMMA-5-

PP nanocomposite is 39 kJ/mol higher compared to neat PMMA, which primarily follows the 
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F1 mechanism and deviates to A2 reaction mechanism at higher conversion rate. From the 

rheological studies, it is found that both storage and loss modulus increase with an increase in 

frequency. The complex viscosity follows the shear-thinning behavior. As a whole, PMMA-

5-PS sample displays better properties over other samples.  

 



Chapter 4 

 

Influence of Co-Al LDH and Cu-Cr LDH content on 

the properties of PMMA nanocomposites prepared 

via Melt Intercalation Technique 

In this present work, two different layered double hydroxides (LDHs), cobalt aluminium (Co-

Al) and copper chromium (Cu-Cr) LDHs have been synthesized by co-precipitation method. 

PMMA nanocomposites containing LDH’s content of 1-7 wt.% were fabricated by melt 

intercalation method using twin screw extruder. As suggested from the previous chapter, PS-

g-MA was used as a compatibilizer. The structural properties of the PMMA nanocomposites 

were evaluated by X-Ray diffraction (XRD), field emission scanning electron microscopy 

(FESEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM). 

The mechanical properties of different nanocomposites were evaluated by tensile, flexural, 

impact and hardness tests. The thermal stability investigation was done by thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). The thermal degradation 

activation energy of the nanocomposites was determined by Coats-Redfern method and the 

obtained results were compared with the neat PMMA. Criado method was employed to 

determine the degradation reaction mechanism of different samples. The improvement of 

thermal stability was also confirmed by integral procedural decomposition temperature 

(IPDT). Finally, the measurement of rheological properties of PMMA nanocomposites was 

done under molten state.      

**The part of this work has been communicated to Composites Science and Technology. 
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4.1 INTRODUCTION 

It is observed from the previous chapter that twin-screw extruder and compatibilizer had 

significantly improved the properties of the nanocomposites. In this chapter, we have made 

an attempt to investigate the effect of different layered double hydroxides (LDHs) on the 

properties of PMMA nanocomposites. LDHs can be easily synthesized by co-precipitation 

method in laboratory with high purity and tunable chemical compositions. Organic 

modification of LDH is essential prior to its application for preparing polymer 

nanocomposites, as it provides the intercalated or exfoliated structure. The LDH exhibits 

potential advantage in flame retardants (Hong et al., 2014), medical field (Li et al., 2011) and 

capacitors (Wimalasiri et al., 2014; Zhu et al., 2015). Based on melt-intercalation method, a 

very limited number of literatures are available on the fabrication of LDH based polymer 

nanocomposites. Realinho et al., (2009) prepared the polystyrene and poly(styrene-co-

acrylonitrile) nanocomposites by melt-extrusion process and studied the influence of 

modified Mg-Al LDH on the properties of the nanocomposites. They found that LDH 

particles to poly(styrene-co-acrylonitrile) caused an improvement in fracture toughness and 

fracture energy by 50 and 200%, respectively over pure polymer. While for polystyrene 

matrix, both tensile properties and elastic fracture were remain unaffected. Coiai et al., 

(2010) examined the effect of PP-g-MAH compatibilizer on the polypropylene (PP) 

nanocomposites synthesized using modified and unmodified Mg-Al LDH. They observed 

that only modified LDH exhibited intercalated and partial delaminated structure of the 

nanocomposites. It was also found that thermal decomposition temperature was enhanced by 

19 
o
C for compatibilized PP nanocomposites containing modified LDH at T10%. In another 

study, the influence of MMT and Zn-Al LDH on the PP nanocomposites was investigated by 

Ding and Qu, (2006). They reported that PP/LDH nanocomposites exhibited 17 
o
C higher 

thermal decomposition temperature than PP/MMT nanocomposites when 80% weight was 

considered as point of comparison.  

 

4.2 EXPERIMENTAL  

4.2.1 Materials  

PMMA (IG 840) used in this study was a commercial product from LG Polymers, South 

Korea.  The melt flow index (MFI at 230 
o
C and 3.8 kg load) and specific gravity of PMMA 

were 5.8 g/10 min and 1.18, respectively. The compatibilizer, polystyrene-block-
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poly(ethylene-ran-butylene)-block-polystyrene-graft-maleic-anhydride (PS-g-MA) was 

obtained from Sigma-Aldrich, USA. Copper nitrate (Cu(NO3)2.3H2O), chromium nitrate 

(Cr(NO3)3.7H2O), cobalt nitrate (Co(NO3)2.6H2O), nickel nitrate (Ni(NO3)2.6H2O), 

aluminium nitrate (Al(NO3)3.9H2O), sodium nitrate (NaNO3), sodium dodecyl sulfate 

(NaC12H25SO4) and sodium hydroxide (NaOH) were purchased from Merck India Ltd, 

Mumbai. Millipore water was used throughout the study. 

 

4.2.2 Preparation of Co-Al, Cu-Cr and Ni-Al LDHs 

The method adopted for the preparation of modified Co-Al LDH was reported elsewhere (Du 

et al., 2009). The modified Co-Al LDH was prepared by instinctive self-assembly approach. 

In a typical process, Co(NO3)2.6H2O, Al(NO3)3.9H2O and sodium dodecyl sulfate (as a 

modifier) were dissolved in Millipore water (200 ml) to obtain solution (A) with 

Co
2+

/Al
3+

/SDS molar ratio of 2:1:1.5. Then an aqueous solution (B) containing NaOH was 

prepared. After that, the solution (B) was added drop wise into solution (A) and the resultant 

solution was continuously stirred to maintain the pH of mixture at 8.3. Then the slurry was 

kept at an ambient temperature for 16 h. The resultant precipitate was filtered, thoroughly 

washed with Millipore water and dried at 70 
o
C to remove water content. 

The Cu-Cr LDH was prepared by co-precipitation method (Sahu and Pugazhenthi, 

2011). First, an aqueous solution of nitrate salts, Cu(NO3)2.3H2O (0.12 mol), Cr(NO3)3.7H2O 

(0.06 mol) and NaNO3 (0.12 mol) was prepared. M
2+

/M
3+

 ratio of 2:1 was maintained for the 

synthesis. To this, an aqueous solution of NaOH (2M) was added drop wise with vigorous 

stirring until the required pH of 10.2 was obtained. The resultant slurry was aged at room 

temperature for 16 h. Then the precipitate was filtered, washed thoroughly with Millipore 

water until pH of filtrate was neutral, and subsequently dried at 80 
o
C for 12 h.  

 In the next stage, Cu-Cr LDH sample (2.5 g) was calcined at 500 
o
C for 5 h in a 

muffle furnace (air atmosphere) with a heating rate of 2 
o
C min

-1
 to obtain the oxide form. 

Then the calcined LDH was dispersed into a 120 mL of aqueous solution containing 2.5 g of 

SDS. This dispersion was refluxed for 12 h to ensure complete regeneration of the host LDH 

structure. Finally the residues were separated by centrifuging and washed with Millipore 

water several times to remove of unreacted SDS molecules. The solids were dried at 80 
o
C to 

produce organically modified Cu-Cr LDH. 
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A co-precipitation method was adopted for the synthesis of pristine Ni-Al LDH. An aqueous 

solution of Ni(NO3)2.6H2O, Al(NO3)3.9H2O and NaNO3 was prepared using the mole ratio of 

the nitrate salts as 2:1:2, respectively. After which, NaOH solution (2N) was added drop wise 

and the solution was stirred until the pH level reached 10. The resulting solution was stirred 

for 16 hr at room temperature. The obtained final solution was filtered and precipitate was 

washed with Millipore water until the filtrate was neutral. Then the precipitate was dried at 

room temperature for 24 h and 65 
o
C for 6 h in an oven to get pristine LDH. Figure 1 depicts 

the schematic of modification of Ni-Al LDH with SDS by rehydration method. For this 2.5 

gm of dried pristine LDH was calcined at 500 
o
C for 5 h in muffle furnace with a heating rate 

of 10 
o
C/min. After calcination, the LDH was modified with SDS for better dispersion of 

LDH in the polymer matrix. For this, the calcined LDH was dispersed into 120 ml of aqueous 

solution containing 2.5 gm of SDS and was refluxed at 80 
o
C for 12 h to yield 

organomodified LDH. Finally it was filtered and dried at 50 
o
C in an oven. The dried 

modified Ni-Al LDH sample was then grinded into finer particles. 

 

 

 

Figure 4.1 Schematic representation of modification of Ni-Al LDH with SDS 

 

4.2.3 Preparation of PMMA/LDHs nanocomposites 

Prior to melt intercalation, PMMA pellets and LDHs were dried in a vacuum oven at 80 
o
C 

and 65 
o
C, respectively for 12 h. PMMA nanocomposites containing different loading (1-7 
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wt.%) of LDH’s were prepared by melt intercalation technique in a counter rotating twin 

screw extruder (Make: Specifiq Engineering and Automats, Vadodara, India; Model-ZV-20 

HI TORQUE). In a typical experiment, PMMA, LDH’s and PS-g-MA compatibilizer were 

fed into the extruder and the obtained extrudate was quenched in water at room temperature. 

Subsequently, the extrudate was cut into pellets and then dried before being injection 

moulded (JSW, Japan; Model-180 High Pressure) at 180-250 
o
C to make specimens for 

mechanical testing. Hereafter, the nanocomposites prepared using 1, 3, 5 and 7 wt.% Co-Al 

LDH is referred as PMMA/Co-Al 1%, PMMA/Co-Al 3%, PMMA/Co-Al 5% and 

PMMA/Co-Al 7%, respectively (see Table 4.1). Neat PMMA sample was also prepared by a 

similar method in the absence of compatibilizer and LDH. Similarly, a series of PMMA/Cu-

Cr LDH nanocomposites containing 1-5 wt.% of LDH is also prepared and compared with 

PMMA/Ni-Al LDH having 5 wt.% LDH.  

 

Table 4.1 Composition used for the fabrication of PMMA/Co-Al LDH nanocomposites 

 

 

 

 

 

 

 

 

 

 

4.2.4 Characterization Techniques 

The polymer nanocomposites were characterized under the same conditions as already 

reported in Chapter 2 (section 2.2.4).  

 

 

 

 

Sample Name PMMA 

 (wt.%) 

LDH 

concentration 

(wt.%) 

Compatibilizer 

(wt.%) 

Neat PMMA 100 - - 

PMMA/Co-Al 1% 94 1 5 

PMMA/Co-Al 3% 92 3 5 

PMMA/Co-Al 5% 90 5 5 

PMMA/Co-Al 7% 88 7 5 
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4.3 RESULTS AND DISCUSSION 

4.3.1 XRD Analysis 

XRD is an effective method to characterize the structure of nanocomposites. Nanocomposites 

can be described as immiscible, intercalated or exfoliated depending upon the type of 

dispersion of the polymer matrix in between the layers of nanomaterial. In an immiscible 

system, also known as microcomposite, the polymer does not enter into the gallery space of 

the nanomaterial; this is a conventional composite. An intercalated nanocomposite is 

obtained when the polymer enters the gallery space and the registry between the layers is 

maintained. In an exfoliated system, also known as delaminated system, excellent nano-

dispersion of the layered material into the polymer material is accompanied with a loss of the 

registry between the layers (Manzi-Nshuti et al., 2009). The d-spacing is calculated from 

peak position using Bragg’s law: nλ = 2dsinθ, where λ is the X-ray wave length (1.5406Å) 

and n=1. The XRD patterns of Co-Al LDH and various PMMA nanocomposites are shown in 

Figure 4.2(i). The basal spacing (d003) of (003) peak appeared at 2θ value of 3.10
o
 for Co-Al 

LDH is calculated to be 2.84 nm.  

For neat PMMA, the diffraction peak is appeared at 2θ = 13.34
o
 and the large broad is 

originated due to amorphous nature of PMMA matrix. The diffraction peak of PMMA/Co-

Al LDH nanocomposites containing different loading (1-7 wt.%) of LDHs is disappeared. 

Similarly, it is also noticed that (003) diffraction peak is absent in PMMA/Cu-Cr LDH 

nanocomposites [see Figure 4.2(ii)]. Wang et al., (2005) also reported similar kind of pattern 

for PMMA/Mg-Al LDH nanocomposites. Two extreme cases can explain the disappearance 

of the diffraction peaks in XRD: (a) complete exfoliation of the LDH layers in the polymer 

matrix, and/or (b) disordering of the LDH layers within the polymer matrix with no change 

in the d-spacing. Morphological study will be more useful in this regard. 
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Figure 4.2 XRD patterns of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites 
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4.3.2 FTIR Analysis 

The FTIR spectra for neat PMMA and its different nanocomposites recorded for the 

frequency range 500 to 4000 cm
-1

 are presented in Figure 4.3. The FTIR analysis has been 

performed to identify the various functional groups present in the Co-Al LDH, Cu-Cr LDH 

and polymer nanocomposites.  

In Figure 4.3(i), the nitrate anions which are observed in the Co-Al LDH, exhibit 

three different characteristics peaks, i.e., the nitrate absorption peak found at 1370 cm
-1

, two 

other nitrate vibration band at 1470 and 822 cm
-1

. The aliphatic band (–CH2) of the long 

chain of SDS molecules is observed between 2840-2965 cm
-1

. The small bands appeared at 

1218 and 1063 cm
-1 

relate to the symmetric (vs=o) and asymmetric vibration (vos=o) of 

sulfate from dodecyl sulfate, respectively. The broad band in the range of 3400-3530 is due 

to the O-H stretching vibration of water molecules. The peaks observed at lower frequency 

(400-700 cm
-1

) correspond to the vibration of metal-oxygen bond in the brucite-like lattice, 

which is particular of this kind of layered solids. The Cu-Cr LDH is also demonstrated 

similar kind of functional groups [see Figure 4.3(ii)].  

For neat PMMA and its nanocomposites, the characteristic peak is observed around 

1730 cm
-1

 which is assigned to the carbonyl group (>C=O) present in the polymer. The band 

found at 2995 is assigned to the ester-methyl stretching vibrations. The peak exhibits at 2949 

cm
-1

 is due the asymmetric stretching vibration of –CH3 group. The small peaks appeared at 

1218 and 1063 cm
-1 

correspond to the symmetric (vs=o) and asymmetric vibration (vos=o) of 

sulfate from dodecyl sulfate, respectively. It is found that the spectra of all nanocomposites 

have similar bands with those of neat PMMA, as well as some additional small peaks coming 

from the LDH (i.e., the metal-oxide bonds of Si–O and Mg–O). From these results, it is 

confirmed the presence of LDH in the PMMA matrix. 
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Figure 4.3 FTIR spectra of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites 
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4.3.3 FESEM Analysis 

The distribution of LDH layers in the polymer matrix and their interfacial bonding are 

important features that influence the mechanical and thermal properties of the nanocomposite 

materials. The most direct measurement of the dispersion of LDH particles in the PMMA 

matrix is made by FESEM. Figure 4.4 displays the FESEM micrographs of the tensile 

fractured specimen of PMMA nanocomposites containing Co-Al and Cu-Cr LDHs. The 

figure 4.4 (i, a-d) represents the PMMA/Co-Al 1%, PMMA/Co-Al 3%, PMMA/Co-Al 5% 

and PMMA/Co-Al 7% nanocomposites while the figure 4.4(ii a-d) denotes the PMMA/Cu-Cr 

1%, PMMA/Cu-Cr 3%, PMMA/Cu-Cr 5% and PMMA/Ni-Al 5% nanocomposites. It is 

observed from all the images of PMMA nanocomposites that LDH particles are arbitrarily 

dispersed in the PMMA matrix. Although on careful inspection, a regular pattern of LDH 

particles, showing wave-like wrinkles is detected. On further addition of nanofiller, it is 

observed that the LDH particle organize themselves in the form of aggregates around which 

the polymer is wrapped. As shown in figure 4.4 (i, d) and (ii, c), poor distribution is noticed 

in the images of higher loading of LDH. Because the LDH particles are aggregated together, 

and many holes are left behind after particles are pulled out from the PMMA matrix when 

stress applied. Maiti and Das, (2005) also found similar type of morphology for isotactic 

polypropylene (iPP)/chlorosulfonated polyethylene (CSM) rubber blends.  
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Figure 4.4 (i) FESEM images of (a) PMMA/Co-Al 1%, (b) PMMA/Co-Al 3%,  

(c) PMMA/Co-Al 5% and (d) PMMA/Co-Al 7% nanocomposites 
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Figure 4.4 (ii) FESEM images of (a) PMMA/Cu-Cr 1%, (b) PMMA/Cu-Cr 3%,  

(c) PMMA/Cu-Cr 5% and (d) PMMA/Ni-Al 5% nanocomposites 

 

4.3.4 TEM Analysis 

TEM observations are used to further verify XRD analysis of the nanocomposites. Figure 4.5 

exhibits the micrographs of different PMMA/Co-Al LDH nanocomposites where the brighter 

region represents the polymer matrix and the dark narrow stripes represent the LDH 

nanolayers. The higher magnification images are required in order to distinguish between 

intercalated and exfoliated structures. Figure 4.5(a) and 4.5(b) reveals that individual layers 

of Co-Al LDH are well dispersed in the PMMA matrix and separated one from the other. 

This suggests that LDH layers are exfoliated into the secondary particles with a length of 20 

nm. This also suggested that PS-g-MA compatibilizer plays an effective role for dispersion of 

Co-Al LDH in matrix. At higher loading of Co-Al LDH content (5-7 wt.%), it is noticed from 

the Figure 4.5 (c-d) that the nanocomposites appear to contain oriented collections of 4-5 

parallel LDH layers exhibiting an intercalated structure.  
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For PMMA/Cu-Cr LDH nanocomposites, the micrograph evidently illustrates the 

lamellar structure of Cu-Cr LDH, which is exfoliated by the PMMA macromolecular chain; 

the lines of the layers are well shown using the aero marks and the exfoliated Cu-Cr LDH 

sheets are dispersed in the PMMA matrix, being consistent with the XRD results presented in 

Figure 4.2(ii). The modified Cu-Cr LDH platelets might be broken into smaller ones when 

they are exfoliated during the extrusion probably due to the occurrence of layer breakage. In 

Figure 4.5(ii,b), it is observed that as the loading increases, the nanocomposites having 4-5 

parallel layers of LDH layers, which leads to intercalated structures. Above 5 wt.% loading, it 

is clearly seen that the Cu-Cr LDH layers are dispersed in lamellar form and randomly 

distributed in polymer matrix [see, Figure 4.5 ii (c)]. The PMMA/Ni-Al 5% nanocomposite 

exhibits partially exfoliated Ni-Al LDH layers in the PMMA matrix.  

 

 

Figure 4.5 (i) TEM images of (a) PMMA/Co-Al 1%, (b) PMMA/Co-Al 3%,  

(c) PMMA/Co-Al 5% and (d) PMMA/Co-Al 7% nanocomposites 
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Figure 4.5 (ii) TEM images of (a) PMMA/Cu-Cr 1%, (b) PMMA/Cu-Cr 3%,  

(c) PMMA/Cu-Cr 5% and (d) PMMA/Ni-Al 5% nanocomposites 

 

 

4.3.5 Tensile Properties 

 

The tensile strength and modulus of neat PMMA and its nanocomposites with respect to Co-

Al and Cu-Cr LDH content are shown in Figure 4.6. The tensile strength of both the 

nanocomposites is found to be higher at 1 wt.% loading of LDH when compared with neat 

PMMA. However, the PMMA/Co-Al LDH nanocomposites demonstrate higher tensile 

properties as compared to PMMA/Cu-Cr LDH nanocomposites. The PMMA/Co-Al 1% 

nanocomposite exhibits the highest tensile strength of 72 MPa as compared to PMMA/Co-Al 

3% (64 MPa), PMMA/Co-Al 5% (58 MPa) and PMMA/Co-Al 7% (54 MPa) and neat 

PMMA (58 MPa). PMMA/Cu-Cr LDH nanocomposites also demonstrate a similar trend. It is 

also noticed that PMMA/Co-Al 7% sample exhibits lower tensile strength with respect to 

neat PMMA. This reduction is might be due to the uneven dispersion of Co-Al LDH in 
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polymer matrix. Therefore, in the case of Cu-Cr LDH based nanocomposites, the tensile 

properties is evaluated up to 5 wt.% loading and also compared with PMMA/Ni-Al 5% 

sample (see Figure 4.6). The enhanced property demonstrated by PMMA/Ni-Al 5% 

nanocomposite is due to strong bonding between Ni-Al LDH and polymer matrix. The 

gradual decline in the tensile strength values for further loadings explicates that addition as 

well as dispersion of LDH in the PMMA matrix are the dominant factors to enhance the 

mechanical properties. Therefore, it is clear that noticeable aggregation and the quality of 

dispersion become poor at higher loading of LDH (>1%). Therefore, a slight reduction in 

tensile strength is observed for PMMA nanocomposites. The enhanced strength for 

PMMA/Co-Al 1% and PMMA/Cu-Cr 1% samples is an indication of good adhesion between 

the PMMA and the nanofiller. Fu and Naguib, (2006) also found that maximum strength was 

obtained at 0.5 wt.% loading of clay for PMMA nanocomposites.  

Figure 4.6 represents the tensile modulus of neat PMMA and its nanocomposites. The 

incorporation of nanofiller directly alters the reinforcement of polymer nanocomposites. It is 

clearly shown by the graph that there is a slight decrease in tensile modulus for both 

PMMA/Co-Al LDH and PMMA/Cu-Cr LDH nanocomposites. The tensile modulus is also 

directly related to the reinforcement of polymer nanocomposites. It is observed that 

intercalated morphology makes little contribution to the tensile modulus (Zhang et al., 2003). 

So there may be possibility that as the loading of nanofiller increases, more intercalated 

structures may occur, which reduces the tensile modulus of PMMA nanocomposites. Eng et 

al., (2013) also reported similar enhancement in tensile properties at 1 wt.% for 

PLA/PCL/clay nanocomposites. 
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Figure 4.6 Tensile properties of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites 
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4.3.6 Flexural Properties 

The influence of Co-Al LDH and Cu-Cr LDH on the flexural properties of PMMA 

nanocomposites is depicted in Figure 4.7. The neat PMMA exhibits flexural strength of 96 

MPa. The different nanocomposites i.e. PMMA/Co-Al 1%, PMMA/Co-Al 3%, PMMA/Co-

Al 5% and PMMA/Co-Al 7% nanocomposites have flexural strength of 120, 110, 101 and 99 

MPa, respectively. Similarly, the PMMA/Cu-Cr 1%, PMMA/Cu-Cr 3%, PMMA/Cu-Cr 5%, 

PMMA/Ni-Al 5% nanocomposites show the flexural strength of 116, 113, 109 and 120 MPa, 

respectively. The flexural strength of both nanocomposites display a maximum value at 1 

wt.% loading of LDHs when compared to other nanocomposites and neat PMMA. It is 

apparent that the flexural strength of the nanocomposites is higher than that of neat PMMA. 

This enhancement of flexural strength might be due to good adhesion between the LDH 

nanofiller and polymer matrix as PS-g-MA compatibilizer acts as a bridge between them. 

However, flexural strength reduces when the LDH concentration increases beyond 1 wt.%. 

Various factors including degree of intercalation/exfoliation, distribution and orientation of 

LDH platelets in the direction of flow also play a major role in ascertaining the flexural 

properties of the nanocomposites (Lim et al., 2006).  

The flexural modulus of neat PMMA and different nanocomposites is illustrated in 

Figure 4.7. It is found that there is a marginal decrease in the flexural modulus as the loading 

of LDH increases in the PMMA nanocomposites. This result can be correlated with FESEM 

images of corresponding nanocomposites (see Figure 4.4). From the FESEM images, it is 

clear that at a higher loading, the nanofiller are pulled out from the matrix surface and 

leaving behind a large cavity. This suggests that aggregation of LDH particles takes place in 

polymer matrix; as a result flexural modulus reduces. However, the PMMA/Ni-Al 5% sample 

exhibits an enhanced modulus over PMMA/Cu-Cr 5% nanocomposites due to the strong 

interaction between matrix and nanofiller. More research is needed in this region as no 

literature has found for the reduction on modulus.  
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Figure 4.7 Flexural properties of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites 
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4.3.7 Impact Strength 

The impact strength of neat PMMA and various nanocomposites is displayed in Figure 4.8. 

The PMMA/Co-Al LDH nanocomposites demonstrate higher impact strength over Cu-Cr 

LDH based nanocomposites. It is clearly seen from the graph that PMMA/Co-Al 1% 

nanocomposite shows the highest impact strength (62 J/m) over neat PMMA (56 J/m) and 

other compositions. It is also noticed that there is a linear decrease in impact strength with an 

increase of nanofiller loading (1-7 wt.%). The reduction in impact strength is probably due to 

agglomeration of LDH particles in the PMMA matrix, which results in less absorption in 

impact energy. It is known that impact energy of nanofiller is less than the impact strength of 

thermoplastic amorphous polymers. The restricted mobility of the nanoparticles in the 

nanocomposites can initiate crack formation and ultimately lead to brittle behaviour 

(Unnikrishnan et al., 2011). Additionally, LDH particles cause immobilization of 

macromolecular chains, as a result of which, their ability to deform freely is limited rendering 

the material less ductile. However, the impact strength of PMMA/Co-Al 1% nanocomposite 

is found to be higher among all the other compositions. This is attributed to the fact that 

exfoliated layers of Co-Al LDH are homogenously distributed at lower loading in the PMMA 

matrix. It is also noticed that Ni-Al layers are more effectively dispersed in PMMA/Ni-Al 5% 

sample and therefore it exhibits higher impact strength as compared to PMMA/Co-Al 5% and 

PMMA/Cu-Cr 5% nanocomposites.  
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Figure 4.8 Impact strength of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites 
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4.3.8 Hardness 

Figure 4.9 represents Shore D hardness (ASTM D2240) of neat PMMA, PMMA/Co-Al LDH 

and PMMA/Cu-Cr LDH nanocomposites. The hardness of PMMA nanocomposites increases 

with increasing LDH loading in the PMMA matrix. The average value of Shore D hardness is 

observed to be 58, 75.2, 80.8, 84.6, 87.8 for neat PMMA, PMMA/Co-Al 1%, PMMA/Co-Al 

3%, PMMA/Co-Al 5%, and PMMA/Co-Al 7% nanocomposites, respectively. Similarly, the 

PMMA/Cu-Cr 1%, PMMA/Cu-Cr 3%, PMMA/Cu-Cr 5% and PMMA/Ni-Al 5% exhibit the 

hardness of 81, 84, 88 and 85, respectively. The hardness of the sample was taken from eight 

different region of each sample and average value was reported. All the nanocomposites 

exhibit enhanced hardness over neat PMMA. The increase in the hardness is due to presence 

of LDH layers in the polymer matrix. The LDH layers adequately restrict indentation and 

thus enhance the hardness of the nanocomposites. The PMMA/Co-Al 7% nanocomposite 

demonstrates a maximum improvement of Shore D hardness of 51% over neat PMMA. 
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Figure 4.9 Hardness of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites 

 

 

4.3.9 Differential Scanning Calorimetry  

DSC is most commonly used to evaluate transition temperature such as glass transition 

temperature, melting and crystallization temperature. However, it only measures the total 

heat flow and the sum of all thermal transition in the sample and the rate of crystallization 

temperature, in addition to the associated enthalpy for each process. The DSC study of neat 

PMMA and its different nanocomposites has been carried out in order to examine the 

mobility of PMMA chains in terms of its Tg in the LDH layers and the results are enumerated 

in Figure 4.10. The glass transition temperature (Tg) is recorded at the inflection point 

between the outset and the end-set temperatures. DSC thermograms display the second order 

transition, which is related to the Tg of the neat PMMA matrix at 109.3 
o
C. 

The Tg of PMMA/Co-Al 1%, PMMA/Co-Al 3%, PMMA/Co-Al 5%, PMMA/Co-Al 

7% nanocomposites is found to be 114.6, 114.7, 114.8 and 114.6 
o
C, respectively (see Figure 

4.10(i)). This demonstrates that nanocomposites exhibit around 5 
o
C higher glass temperature 

as compare to neat PMMA. Similarly, the PMMA/Cu-Cr LDH nanocomposites display the 

Tg enhancement of 2-3 
o
C over PMMA, while PMMA/Ni-Al 5 exhibits a marginal increment 
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in Tg over neat PMMA (see Figure 4.10(ii)). It is also noticed that higher loading of 

nanofiller does not have substantial influence on the mobility of PMMA chains. A possible 

explanation for the increase in Tg of the polymer nanocomposites might be due to 

confinement of PMMA chains within the LDH layers that prevents the segmental motion of 

the polymer chains (Gao et al., 2001). The intercalation could limit the mobility of the 

molecules that extend into the bulk region outside the LDH. Even if a chain is only 

constrained at one end because of intercalation, the immobility may still result in an increase 

in Tg of external chains. A further possibility is that intercalation leads to a reduction in the 

polymeric free volume because the chain ends become located in LDH galleries and this 

would lead to increase in Tg (Shen et al., 2004). In the work of Kuila et al., (2011), around 2 

o
C enhancement in Tg was observed for PMMA/graphene nanocomposites with 0.1 wt.% 

graphene loading. The PMMA/Co-Al LDH nanocomposites show improvement of 4 
o
C over 

PMMA/ZnS nanocomposites at 1 wt.% loading (Wang et al., 2014).  
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Figure 4.10 DSC curves of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites 

 

 

4.3.10 Thermogravimetric Analysis  

TGA analysis is generally carried out to assimilate the effect of LDH content on the thermal 

stability of the polymer. The dispersion of clay is known to modify the thermal stability of 

polymers. Figure 4.11(i) shows the TGA curves for neat PMMA and PMMA/Co-Al LDH 

nanocomposites. The parameters that are important from TGA curves are the onset of 

degradation, which is usually taken as the temperature at which 10% degradation occurs, 

T10% and the midpoint temperature of degradation, T50%. From the TGA curves, it is observed 

that thermal stability of the PMMA/Co-Al LDH nanocomposites increase, which is 

confirmed by shifting of the TGA curve of PMMA/LDH nanocomposites towards right of the 

TGA curve of the neat PMMA. When 10% weight loss is selected as a point of comparison, 

the decomposition temperature of neat PMMA, PMMA/Co-Al 1%, PMMA/Co-Al 3%, 

PMMA/Co-Al 5%, PMMA/Co-Al 7% LDH nanocomposite is found to be 343.6, 375.5, 

377.3, 375.7 and 369.5 
o
C respectively. The result suggests that the degradation of the 

nanocomposites takes place at higher temperatures than that of neat PMMA (26-34 
o
C) 

higher than that of neat PMMA) in the presence of Co-Al LDH. When 50% weight loss is 
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considered as a point of reference, the decomposition temperature of the nanocomposites is 

found to be 31-35 
o
C higher than that of neat PMMA (see Table 4.2). The Cu-Cr based 

nanocomposites also display a higher thermal stability over neat PMMA (see Figure 4.11(ii)). 

The decomposition temperature of the PMMA/Cu-Cr LDH nanocomposites is found to be 

26-32 
o
C higher than that of neat PMMA at T50% as a reference point. This behaviour could be 

explained by the presence of barrier effect of LDH lamellar layers, which limits the emission 

of the produced degradation gases and transmission of heat. Therefore, it results in the 

improvement of the thermal stability of the nanocomposite material. It is noticed that at 

higher loading (>5%) the nanocomposite exhibits lower thermal stability. The most probable 

reason is that the relatively large amount of organic surfactant present in the nanocomposites 

produced less stable charred layers during the decomposition (Chen and Qu, 2005; Krishna 

and Pugazhenthi, 2011). Similar kind of behavior was also observed by Qiu et al., (2005) for 

polystyrene/Zn-Al LDH nanocomposites. The research findings suggest that the PMMA/Co-

Al LDH nanocomposites exhibit better thermal stability than that of neat PMMA. The 

increase in the onset temperature signifies delayed degradation of PMMA nanocomposites. 

Laachachi et al., (2009) reported that PMMA/AlOOH 5% sample showed around 19 
o
C 

higher thermal stability over neat PMMA, which was lower than the PMMA/Co-Al LDH and 

PMMA/Cu-Cr LDH nanocomposites at the same loading.  

The temperature which corresponds to the maximum degradation (Tmax) is considered 

as another significant thermal property for the polymer nanocomposites. The Tmax is defined 

as the peak value that is obtained from the first derivative curve of TGA thermograph. The 

TGA derivative of neat PMMA and its nanocomposites is illustrated in Figure 4.11. The peak 

indicates that the maximum degradation temperature (Tmax) of different nanocomposites is 

shifted towards right side of neat PMMA, demonstrating enhanced thermal stability of the 

nanocomposites. The improved thermal stability is attributed to the ‘tortuous path’ effect of 

LDH layers, which deferments the diffusion pathway of the degradation by-products and 

hinders the diffusion of the volatile decomposition products. Table 4.2 summarizes the TGA 

results of nanocomposites. 
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Figure 4.11 TGA and DTG curves of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr 

LDH nanocomposites 
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Table 4.2 TGA results for neat PMMA and PMMA/LDH nanocomposites 

Sample Temperature 

(T10%) at 10% 

weight loss (
o
C) 

Temperature (T50%) 

at 50% weight loss 

(
o
C) 

Neat PMMA 343.6 371.1 

PMMA/Co-Al 1% 375.5 402.3 

PMMA/Co-Al 3% 377.7 405.0 

PMMA/Co-Al 5% 375.7 406.3 

PMMA/Co-Al 7% 369.5 402.4 

   

PMMA/Cu-Cr 1% 368.3 397.9 

PMMA/Cu-Cr 3% 372.6 403.6 

PMMA/Cu-Cr 5% 367.7 397.6 

PMMA/Ni-Al 5% 372.0 399.9 

 

 

4.3.11 Kinetic Analysis 

The Coats-Redfern method can deal with the main degradation region of TGA curve of 

sample and requires the TGA data at just one heating rate to calculate the related reaction 

order (n), reaction activation energy (Ea) and pre-exponential factor (A). In this work, the 

TGA data of PMMA/Co-Al LDH samples with 1, 3, 5 and 7 wt.% LDH at heating rate of 10 

o
C/min were processed to evaluate the kinetic parameters. Similar procedure was also 

repeated for PMMA/Cu-Cr LDH nanocomposites. For this, a reaction order (n) value was 

assumed and then substituted the assumed n value into equation (3.10) [discussed in chapter 

3, section 3.2.4]. The plot of the left part of equation against -1/T was fitted to determine the 

correlation coefficient R. Above procedure was repeated till the best R value was obtained. 

The calculated reaction order at the best R value is just required one. Subsequently, the 

activation energy and the pre-exponential factor can be calculated from the slope and 

intercept of the fitted straight line, respectively (see Figures 4.12 and 4.13). The activation 

energy (Ea) for neat PMMA and PMMA/Co-Al LDH nanocomposites containing 1, 3, 5 and 

7% of LDH is found to be 99.2, 256.1, 253.6, 224.7 and 227.4 kJ/mol, respectively. Similarly 

the Ea values of PMMA/Cu-Cr 1%, PMMA/Cu-Cr 3%, PMMA/Cu-Cr 5%, PMMA/Ni-Al 5% 
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nanocomposites are 222.0, 230.7, 225.2 and 245.2 kJ/mol, respectively. It can be observed 

from the Table 4.3 that the Ea of PMMA/Co-Al LDH nanocomposites is 124-156 kJ/mol 

higher than that of neat PMMA. Table 4.3 also clearly indicates that the higher loading of 

LDH can make the nanocomposites to decrease the Ea value because relatively large quantity 

of organic modifier present in the nanocomposites produces less stable charred layers during 

the decomposition. The obtained results are in good agreement with TGA data. Krishna and 

Pugazhenthi, (2011) also reported similar kind of results for PS/organoclay nanocomposites 

prepared by solvent blending method.  

 

Table 4.3 Kinetic parameters of different samples at the better correlation coefficient 

obtained from Coats-Redfern method 

Sample Ea(kJ/mol) A n R
 

Neat PMMA 99.2 24.63 x 10
6
 0.6 0.997 

PMMA/Co-Al 1% 256.1 3.304 x 10
19

 1.2 0.999 

PMMA/Co-Al 3% 224.1 1.800 x 10
19

 1.3 0.999 

PMMA/Co-Al 5% 227.4 8.550 x 10
16

 0.2 0.999 

PMMA/Co-Al 7% 224.7 1.984 x 10
17

 1.5 0.995 

 

PMMA/Cu-Cr 1% 222.0 6.021 x 10
14

 1.2 0.999 

PMMA/Cu-Cr 3% 230.7 4.478 x 10
16

 1.3 0.999 

PMMA/Cu-Cr 5% 225.2 1.650 x 10
15

 1.2 0.999 

PMMA/Ni-Al 5% 245.2 5.724 x 10
16

 1.3 0.999 
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Figure 4.12 Determination of kinetic parameters by plots of the left part in equation 

3.10 against -1/T using Coats-Redfern methods: (a) Neat PMMA, (b) PMMA/Co-Al 1%, 

(c) PMMA/Co-Al 3%, (d) PMMA/Co-Al 5% and (e) PMMA/Co-Al 7% nanocomposites 
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Figure 4.13 Determination of kinetic parameters by plots of the left part in equation 

3.10 against -1/T using Coats-Redfern methods: (b) PMMA/Cu-Cr 1%, (c) PMMA/Cu-

Cr 3%, (d) PMMA/Cu-Cr 5% and (e) PMMA/Ni-Al 5% nanocomposites 

The kinetic parameters obtained from Coats-Redfern method were utilized to estimate the 

different reaction mechanism in Criado method. Figure 4.14 (i) displays the Z(α)-α master 

and experimental curve of neat PMMA and PMMA nanocomposites having Co-Al LDH with 

1, 3, 5 and 7 wt.% concentration. The same has considered for PMMA/Cu-Cr LDH 

nanocomposites (see Figure 4.14 (ii)). It is observed that for neat PMMA, experimental Z(α)-

α curve initially follows A2 reaction mechanism (Nucleation and growth) with lower α value 

(α=0.1-0.2) then it deviates from A2 reaction mechanism to F1 mechanism at medium α 

value (α=0.3-0.5) and then again deviates from F1 to A4 mechanism for higher α value 

(α=0.7-0.9). In case of PMMA/Co-Al LDH and PMM/Cu-Cr LDH nanocomposites, Z(α)-α 

experimental curve initially follows the F1 reaction mechanism. However, with the evolution 
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of thermal decomposition reaction, the involved system gradually transits toward A4 

mechanism (nucleation and growth). 
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Figure 4.14 Determination of the thermal degradation mechanism by plotting Z(α) 

versus α using Criado model (i) PMMA/Co-Al LDH nanocomposites and (ii) 

PMMA/Cu-Cr LDH nanocomposites 

 

The integral procedure decomposition temperature (IPDT) method was employed for the 

estimation of thermal stability of the nanocomposites as follows: 

IPDT (
◦
C) = A × K × (Tf −Ti) + Ti  (4.1) 

Where, A = (S1+S2)/(S1+S2+S3) 

K = (S1+S2)/(S1) 

Where, A is the area ratio of total experimental curve specified by the total TGA 

thermogram, Ti is the initial experimental temperature (
o
C), Tf is the final experimental 

temperature (
o
C). A graphical representation  of  a  typical  TGA  thermogram divided into 

three areas  of  S1,  S2,  and  S3  is  depicted  in  Figure 4.15. 
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Figure 4.15 Schematic diagram for determining IPDT 

Table 4.4 IPDT results of different PMMA nanocomposite samples 

Samples Initial Temperature 

(Ti) 
o
C 

Final Temperature 

(Tf) 
o
C 

IPDT 

(
o
C) 

Neat PMMA 50 700 385.4 

PMMA/Co-Al 1% 50 700 404.5 

PMMA/Co-Al 3% 50 700 418.2 

PMMA/Co-Al 5% 50 700 432.2 

PMMA/Co-Al 7% 50 700 428.9 

    

PMMA/Cu-Cr 1% 50 700 394.8 

PMMA/Cu-Cr 3% 50 700 435.3 

PMMA/Cu-Cr 5% 50 700 407.5 

PMMA/Ni-Al 5% 50 700 428.5 

 

IPDT values of all the samples are calculated using the equation (4.1) at a constant heating 

rate of 10 
o
C/min. All the nanocomposites exhibit higher IPDT value as compared to the neat 

PMMA, which indicates the enhanced thermal stability of the nanocomposites. The IPDT 

values of neat PMMA and PMMA nanocomposites with 1, 3, 5 and 7 wt.% Co-Al LDH 
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loading are 385.4, 404.5, 418.2, 432.2 and 428.9 
o
C (see, Table 4.4). The PMMA/Cu-Cr 

LDH nanocomposites exhibit 394.8, 435.3 and 407.5 
o
C for various compositions (1-5 wt.% 

of LDH loading). However, for Ni-Al LDH based nanocomposites, the IPDT value is 428.5 

o
C. The IPDT value of PMMA/Co-Al LDH nanocomposite with 5 wt% loading is highest 

among their respective samples, which is also reflected in the TGA analysis. IPDT results are 

also consistent with activation energy calculation. 

 

4.3.12 Dynamic Mechanical Analysis 

To analyze the influence of Co-Al LDH and Cu-Cr LDH on the mechanical behaviour of 

PMMA, DMA test was performed. The temperature dependence of storage modulus and loss 

factor (tan δ) for PMMA nanocomposites containing different loading of Co-Al LDH and 

Cu-Cr LDH nanofiller is shown in Figure 4.16(i) and 4.16(ii), respectively. It is clearly 

observed from the figure that the storage modulus (E’) increases from ~ 254 MPa for neat 

PMMA to ~ 348 MPa for PMMA nanocomposites having 7 wt.% Co-Al LDH at 40 
o
C. 

Similarly, PMMA/Cu-Cr LDH nanocomposites also demonstrate a higher storage modulus at 

40 
o
C. The increase of LDH content in the PMMA nanocomposite leads to higher values of 

storage modulus up to 90 
o
C, proving that the addition of LDH into the polymer matrix 

increases the rigidity of the nanocomposites. This effect is more pronounced for the 

nanocomposites containing higher loadings of the nanofiller. As the temperature increases, a 

sharp decrease in the E’ value is observed in the temperature from 70 to 105 
o
C. This 

corresponds to the primary relaxation process (α) of the PMMA, where tan δ goes through a 

maximum. Then the modulus reaches a linear region, corresponding to the rubbery state of 

the polymer. Similar to the neat PMMA, both the nanocomposites i.e. PMMA/Co-Al LDH 

and PMMA/Cu-Cr LDH nanocomposites exhibit a drastic drop in the E’ value. 

 The tan δ (loss factor) versus temperature curves for neat PMMA and PMMA 

nanocomposites containing various weight percent of different LDH are also represented in 

Figure 4.16. A stiffening of the structure of different PMMA nanocomposites as compared to 

neat PMMA is also reflected by a slight shift of tan δ  peak connected with the α relaxation 

process, which involves energy dissipation and cooperative chain motions (Lu and Larock, 

2006). Generally, strong interactions between the LDH layers and the PMMA matrix can 

restrict the movement of polymer segments near to the filler surface, thus resulting in an 

enhancement of Tg of the matrix. It is clearly seen from the graph that tan δ curve of 

nanocomposites has broadened and shifted to higher temperature. As a result, PMMA/Co-Al 
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LDH and PMMA/Cu-Cr LDH nanocomposites exhibit higher Tg over neat PMMA. Logakis 

et al., (2011) also found similar results for PMMA/CNT composites. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16(i) Storage modulus and loss factor curves of PMMA/Co-Al LDH 

nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16(ii) Storage modulus and loss factor curves of PMMA/Cu-Cr LDH 

nanocomposites 
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4.3.13 AFM Analysis 

Atomic force microscopy (AFM) has been used for surface characterization i.e. imaging 

topography and phase morphology of polymer nanocomposites. The AFM images of 

PMMA/Co-Al LDH and PMMA/Cu-Cr LDH nanocomposites are depicted in Figure 4.17. 

From the AFM images, it is clearly seen that LDH loading has pronounced influence on the 

roughness of the polymer nanocomposites. It is also observed that pits are also present on the 

surfaces. The roughness of the PMMA nanocomposites increases with an increase in the 

LDH content in the polymer matrix. The minimum surface roughness is noticed at 1 wt.% 

LDH loading and maximum at 7 wt.% loading of LDH in PMMA/Co-Al LDH 

nanocomposites. The 2D images of different PMMA nanocomposites are given in appendix. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 (i) AFM images of (a) PMMA/Co-Al 1%, (b) PMMA/Co-Al 3%,  

(a) PMMA/Co-Al 5% and (d) PMMA/Co-Al 7% nanocomposites 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4.17 (ii) AFM images of (a) PMMA/Cu-Cr 1%, (b) PMMA/Cu-Cr 3%,  

(c) PMMA/Cu-Cr 5% and (d) PMMA/Ni-Al 5% nanocomposites 

 

4.3.14 Optical Test 

The optical transmittance value of the PMMA/Co-Al LDH nanocomposites is presented in 

Table 4.5. In general, matrix properties, the interfacial refractive index difference between 

matrix and nanofiller, and the size of dispersed nanofiller govern the optical properties of the 

polymer nanocomposites. The optical transmittance for the nanocomposite without nanofiller 

is generally higher than that of the nanocomposites. It is apparent from the Table 4.5 that the 

neat PMMA shows a maximum transmittance of 77%. This specifies that most of the light 

pass through PMMA sample. After reinforcement of LDH in the PMMA matrix, the 

transparency of PMMA reduces with an increase in the concentration of LDH (wt.%). The 

possible reason is that the formation of intercalated morphology at higher LDH loading that 

restricts the light transmittance through the nanocomposites. For the PMMA/Co-Al 7% 

sample, maximum reduction in the transparency of 91% is noticed in comparison with neat 

PMMA. The translucent PMMA nanocomposite results from the Co-Al LDH filler, can find 

(a) (b) 

(c) (d) 
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application for the light sensitive materials such as lipids, vitamins and pigments. The optical 

transmittance test of PMMA/Cu-Cr LDH samples was also analyzed and found opaque 

except for PMMA/Ni-Al 5% sample.       

 

Table 4.5 Optical clarity and rate of burning of PMMA/LDH nanocomposites 

Sample Transmittance 

(%) 

Rate of burning 

(mm/min) 

Neat PMMA 77.0 65 

PMMA/Co-Al 1% 55.7 56 

PMMA/Co-Al 3% 27.2 52 

PMMA/Co-Al 5% 14.2 49 

PMMA/Co-Al 7% 6.7 44 

   

PMMA/Cu-Cr 1% - 37 

PMMA/Cu-Cr 3% - 35 

PMMA/Cu-Cr 5% - 33 

PMMA/Ni-Al 5% 6.3 34 

 

4.3.15 Flammability Test 

The flammability analysis of PMMA/Co-Al LDH and PMMA/Cu-Cr LDH nanocomposites 

was performed to investigate the effect of different LDHs on PMMA and the average value 

was reported in Table 4.5. It is clearly seen that PMMA nanocomposites have higher flame 

retardancy with respect to neat PMMA. This suggests that LDH’s have substantial influence 

on the flame retardancy of the polymer nanocomposites. It is noticed that as the concentration 

of LDH increases, the amount of char that can be formed increases and the rate at which heat 

is released decreases. It is also found that intercalated structures are more effective as the 

path is intervened by LDH platelet structures. It is evident from the Table 4.5 that 

PMMA/Cu-Cr LDH nanocomposites are more flame retardant than Co-Al LDH based 

nanocomposites. According to Xu et al., (2012), the layered double hydroxides have lost their 

hydroxyl groups and interlayer anions and converted to a mixed metal oxide, which can 
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promote a charring on the surface of the nanocomposites. The charring layer can create a 

physical protective barrier surface and slow the volatilization rate of polymer.      

 

4.3.16 Rheological Properties 

It is believed that rheology offers an effective way to assess the state of nanofiller dispersion 

and to detect the state of presence of interconnecting microstructure of the nanocomposites in 

molten state directly (Kashiwagi et al., 2008). The nanofiller loading of the particles as well 

as other factors, such as the shape and size of the particles and state of dispersion of particles 

(well-dispersed state or agglomerated state), are known to influence the rheology of polymer 

melts. The rheological properties of two different PMMA nanocomposites are discussed 

herein.   

Figure 4.18 and 4.19 demonstrate the frequency dependence of storage and loss modulus of 

the PMMA/Co-Al LDH and PMMA/Cu-Cr LDH nanocomposites at 200 
o
C. The storage 

modulus characterizes the elastic property (G’) of the material, while the loss modulus 

suggests the viscous property. It is clearly observed from the graph that both the moduli are 

influenced by the addition of LDH in the PMMA matrix. At lower frequency, the storage and 

loss modulus gradually increases with increasing the concentration of the LDH and are found 

maximum for the PMMA/Co-Al 7% nanocomposite. The increase at lower frequency is the 

characteristic of pseudo-solid like behaviour due to the formation of network percolating 

LDH lamellae. The addition of LDH to the PMMA matrix increases the storage modulus 

significantly and indicates a transition from liquid like to pseudo solid like or solid-like 

rheological behaviour. It is generally believed that the extent of these changes reflects the 

state of dispersion of LDH nanofiller (Song et al., 2015). This has been attributed to the 

formation of percolated network of the exfoliated layers or stacks of intercalated layers (Ray 

et al., 2002). At higher frequency region, the viscoelastic behaviour of all PMMA 

nanocomposites is quite the same, indicating that the observed chain relaxation modes are 

almost unaffected by the presence of LDH layers. Similar behaviour was also reported by Du 

et al., (2004) for PMMA/SWCNT nanocomposites. It is also noticed that PMMA 

nanocomposites display higher loss modulus with respect to storage modulus at lower 

frequency region (see Figure 4.19). The storage and loss modulus behaviour of PMMA/Cu-

Cr 5% and PMMA/Ni-Al 5% sample are almost identical.  
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Figure 4.18 Storage modulus of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites at 200 
o
C 

 

 

 

 

 

 

 

         

 

Figure 4.19 Loss modulus of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites at 200 
o
C 

 

Loss factor (tan δ) is the ratio of loss modulus (G”) to storage modulus (G’). It is a useful 

parameter to measure the extent of elasticity in a given sample. Figure 4.20 exhibits the loss 

factor of PMMA/Co-Al LDH and PMMA/Cu-Cr LDH. The graphs demonstrate a drop in tan 

δ as the frequency increases. The physical entanglements of the PMMA chains in addition to 

the presence of LDH layers cause the formation of some network structures among LDH 
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particles and polymer chains and also LDH particles themselves. The rigid structure of LDH 

nanoparticles hinders the viscous behaviour and facilities the transition from viscous to 

elastic behaviour (He et al., 2006; Zhou et al., 2007). In comparison with neat PMMA, the 

decrease of maximum values of tan δ for both type of nanocomposites indicate an improved 

elastic behaviour upon incorporation of nanofiller into the nanocomposites, as the loss factor 

is inversely proportional to storage modulus (elastic). The reduction of loss factor in the high 

frequency region is attributed to partial orientation of polymer chains and LDH layers as a 

result of shear deformation (Motahari et al., 2012). 

Similar to storage modulus and loss modulus, the complex viscosity of Co-Al LDH and Cu-

Cr LDH based nanocomposites increase upon the introduction of different nanofiller and 

shear thinning behaviour is intensified (see Figure 4.21). Higher viscosity of nanocomposites 

arises from the three-dimensional structure of LDH nanoparticles, leading to formation of 

aggregates, which are stable under high stress conditions. Another possible reason for 

enhanced viscosity of nanocomposites is the higher flow resistance of macromolecules due to 

the interaction between the nanofillers and polymer matrix (Galgali et al., 2001). As the 

frequency increases, the viscosity of both type of nanocomposites decrease, which might be 

due to partial disruption of three-dimensional structure or the alignment of the LDH layers 

under shear, the microstructure changes from a random oriented to a shear induced ordered 

orientation. Zhang et al., (2012) showed similar trend of reduced complex viscosity for 

PMMA/graphene composites at higher angular frequency. 

 

 

 

 

 

 

 

Figure 4.20 Loss factor of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites at 200 
o
C 
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Figure 4.21 Complex viscosity of (i) PMMA/Co-Al LDH and (ii) PMMA/Cu-Cr LDH 

nanocomposites at 200 
o
C 

 

4.4 SUMMARY 

It can be concluded that Co-Al LDH based nanocomposites demonstrates better properties 

over Cu-Cr LDH based nanocomposites. The Co-Al LDH was synthesized in single step 

while the Cu-Cr LDH was prepared in two step process, which reflects that a single step has 

pronounced effect. The tensile, flexural and impact properties of the nanocomposites are 

found to be maximum at 1 wt.% loading of LDH nanofiller. The improvement in tensile 

strength, flexural strength, impact strength for the PMMA/Co-Al 1% sample over neat 

PMMA is found to be 24, 25 and 10%, respectively. The PMMA/Cu-Cr 1% nanocomposite 

displays 18, 21% increment for tensile and flexural strength, respectively. It is also found that 

PMMA/Ni-Al 5% nanocomposite shows enhanced properties over PMMA/Cu-Cr 5% 

sample.  The hardness is found to be maximum for PMMA/Co-Al 7% nanocomposites. At 

50% weight loss, the PMMA/Co-Al LDH nanocomposites demonstrate 31-35 
o
C higher 

improvement over neat PMMA, while PMMA/Cu-Cr LDH nanocomposites display 26-32 
o
C 

increment over neat PMMA. The Tg is enhanced by 5 and 3 
o
C for PMMA/Co-Al LDH and 

PMMA/Cu-Cr LDH nanocomposites, respectively.  

 It is confirmed from the Coats-Redfern and IPDT method that thermal stability of 

PMMA nanocomposites is increased, which is higher for PMMA/Co-Al LDH 

nanocomposites over Cu-Cr LDH based samples. The rheological studies also indicate that 

the storage and loss modulus increase as the frequency increases, however complex viscosity 
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reduces. It can also be concluded that the nature of LDH also plays a vital role in addition to 

the concentration of LDH.   

 



Chapter 5 

 

Fabrication and Characterization of PMMA/Clay, 

PMMA/Ni-Al LDH and PMMA/Co-Al LDH 

Nanocomposites via Solvent Blending Method 

From the earlier chapter, it was found that the melt-intercalation method produced primarily 

intercalated morphology at higher loadings (>1 wt.%) and exfoliated structure with only 1 

wt.% loading. It is also well known that the solvent blending process gives exfoliated 

structure. Therefore, an attempt has been made to check whether exfoliated morphology of 

nanocomposites is achievable with three different fillers (OMMT (Nanomer 1.31 PS), Co-Al 

LDH, Ni-Al LDH) by solvent blending method. This chapter deals with the preparation and 

characterization of various PMMA nanocomposites. PMMA nanocomposites based on 

nanoclay, Ni-Al LDH and Co-Al LDH were prepared by solvent blending technique using 

dichloromethane as a solvent. Various characterization techniques such as Fourier 

Transform Infra-red spectroscopy (FTIR), X-ray diffraction analysis (XRD), transmission 

electron microscopy (TEM), atomic force microscopy (AFM), field emission scanning 

microscopy (FESEM), thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) were carried out to characterize the different PMMA nanocomposites. 

Hardness, water uptake test, optical properties were also evaluated for the nanocomposite 

films. Finally, water vapor transmission rate (WVTR) and rheological analysis were 

conducted to examine the water vapor permeability and processing properties, respectively.  

 

** The part of this work has been published in International Journal of Nano and 

Biomaterials, 2014, 5, 27-44, RSC Advances, 2015, 5, 39810-39820, Chinese Journal of 

Polymer Science, 2016. Macromolecular Symposia, 2016, 365, 104-111. 
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5.1 INTRODUCTION 

A series of nanocomposites consisting of PMMA polymer and different clays have been 

appeared in the literatures (Blumstein, 1965; Wang et al., 2002; Shen et al., 1999; Jiang et al., 

2000; Sahoo et al., 2007; Liqiang et al., 2008; Liaw et al., 2007; Kuila et al., 2009; Ramaraj 

et al., 2010; Pradhan et al., 2011). Jiang and Tsai, (2000) have shown an improvement in 

properties of PMMA/clay nanocomposites synthesized by in-situ polymerization over neat 

PMMA. Sahoo et al., (2007) have reported that the strong interactions between PMMA and 

dispersed clay layers in emulsion polymerized PMMA/clay nanocomposite significantly 

improved the thermal stability of PMMA. Shen et al., (1999) have reported that the thermal 

stability of PMMA was increased in melt-intercalated PMMA/clay nanocomposite compared 

to that of the neat PMMA. The effect of clay modification and clay loading on the 

morphology and mechanical properties of in-situ polymerized PMMA/clay nanocomposites 

was studied by Liqiang et al., (2008). Liaw et al., (2007) have investigated the thermal 

properties of melt-intercalated PMMA/clay nanocomposites. They revealed that higher clay 

loading could improve thermal stability significantly. Qiu et al., (2006) have investigated the 

thermal properties of the exfoliated PS/Mg-Al LDH nanocomposites prepared via emulsion 

polymerization method. Du et al., (2007) have prepared nylon 6/Mg-Al LDH nanocomposites 

by melt intercalation of nylon 6 into the part of organo modified Mg-Al LDH interlayers. 

XRD results demonstrated that too high LDH loading makes the LDH layer difficult to 

exfoliate. Wang et al., (2006) have developed disorderly exfoliated PMMA nanocomposites 

by in-situ bulk polymerization of MMA in presence of various amount of LDH-U content. 

The glass transition temperature (Tg) was significantly higher for disorderly exfoliated 

PMMA/LDH (127 
o
C) nanocomposites than that of pure PMMA (105 

o
C). An 

exfoliation/adsorption process was used by Li et al., (2003) to synthesis exfoliated 

nanocomposites based on Mg-Al LDH and PMMA. The decomposition temperature of 

PMMA/LDH nanocomposites at 5 wt.% loss was about 288.5 
o
C, which was higher than that 

of pure PMMA (140 
o
C). Wang et al., (2011) have fabricated polypropylene (PP)/Co-Al 

LDH nanocomposites via melt compounding method and performed the thermal degradation 

study using different kinetic models.  

Liu et al., (2006) prepared Co-Al LDH with different anions (nitrate, chlorate, acetate, oleate, 

lactate) and reported that nitrate-LDH provided better exfoliation degree as compared to 

other modifiers. Manzi-Nshuti et al., (2009) examined the thermal stability of PMMA 

nanocomposites using two different LDH’s (Ca3Al and Ca3Fe LDH). The enhancement in the 
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fire retardant property of PMMA nanocomposites with Ca3Al LDH is better as compared to 

Ca3Fe LDH. Wang et al., (2006) synthesized PMMA nanocomposites by melt blending 

method using MMT, MgAl LDH and kaolinite as fillers. Among the studied fillers, 

nanocomposites prepared with MMT and LDH exhibited better thermal stability than 

kaolinite. In another study (Matusinović et al., 2009),
 
PS-PMMA/CoAl LDH nanocomposites 

(7.5phr) fabricated by in-situ polymerization technique displayed a maximum thermal 

stability of 26 
o
C over neat polymer. Huang et al., (2011) reported that modified LDH 

reduced the peak Heat Release Rate (pHRR) by 35% in PMMA/MgAl nanocomposites at 5 

wt.% loading. Acharya et al., (2007) reported that thermal stability was improved by 40 
o
C in 

EPDM/Mg-Al LDH nanocomposites prepared via in-situ polymerization method. In the 

study of Li et al., (2003), it was observed that Mg-Al LDH layers were dispersed individually 

in the PMMA matrix that was prepared by exfoliation-adsorption process. Organo-modified 

Zn-Al LDH incorporated in the syndiotactic polystyrene proceeded as a nucleating agent and 

also accelerated the overall non-isothermal crystallization process (He et al., 2006). 

The aim of this study is to examine the influence of clay, Co-Al LDH and Ni-Al LDH on the 

properties of PMMA nanocomposites synthesized by solvent blending method. The 

morphological, thermal and rheological properties of the nanocomposites are assessed using 

various techniques. Thermal degradation kinetics of the nanocomposites is also analyzed 

using different models. 

 

5.2 EXPERIMENTAL 

5.2.1 Materials 

All the materials are same as mentioned in Chapter 4 (section 4.2.1) 

5.2.2 Synthesis and modification of Ni-Al LDH and Co-Al LDH 

The synthesis and modification of Ni-Al LDH and Co-Al LDH are already discussed in 

Chapter 4 (section 4.2.2).  
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Table 5.1 Preparation chart for different PMMA nanocomposites 

 

Sample Name  LDH concentration 

(wt.%) 

LDH (g) Solvent 

(mL) 

PMMA 

(g) 

Neat PMMA 0 0 72 5 

PMMA/clay 3 3 0.15 72 4.85 

PMMA/clay 5 5 0.25 72 4.75 

PMMA/clay 7 7 0.35 72 4.65 

     

PMMA/Co-Al 3 3 0.15 72 4.85 

PMMA/Co-Al 5 5 0.25 72 4.75 

PMMA/Co-Al 7 7 0.35 72 4.65 

     

PMMA/Ni-Al 3 3 0.15 72 4.85 

PMMA/Ni-Al 5 5 0.25 72 4.75 

PMMA/Ni-Al 7 7 0.35 72 4.65 

 

5.2.3 Preparation of PMMA nanocomposites 

The properties of the nanocomposites increase with even small amount of nanofiller addition. 

Therefore, to study the effect of clay/LDH content on the properties of PMMA 

nanocomposites, various PMMA nanocomposites were prepared with 3, 5, and 7 wt% of 

nanofiller (relative to PMMA) by solvent blending method. For this, PMMA and nanofiller 

were first dried at 120 
o
C to remove any moisture, so as to ensure less hindrance on solubility 

because of presence of water molecules. The schematic diagram for the preparation of 

PMMA nanocomposite is represented in Figure 5.1. After that, a desired quantity of nanoclay 

was dispersed in 30 ml of methylene chloride and stirred for 24 h at room temperature (25
o
C) 

and then sonicated (Sonics and Materials, Model VCX 500) for 30 min (referred as Solution 

A). Clay dispersion was checked after 24 h by keeping the Solution A undisturbed for 1 h. If 

any settling of clay was noticed, the sample was again sonicated. An estimated amount of 

PMMA was mixed with 42 ml of methylene chloride and stirred at room temperature till the 

entire PMMA completely dissolves (Solution B). Then these above prepared two solutions 

(Solution A and B) were mixed and stirred for 12 h at room temperature. The resulting 

PMMA/nanoclay or LDH solution was spread over a Petri dish and left for 24 h in ambient 
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condition yielding a viscous gel layer. Finally, the nanocomposite films were dried in an oven 

at 65 
o
C for 6 h. The neat PMMA film was also prepared by an identical procedure in the 

absence of clay. Table 5.1 shows the composition of different PMMA nanocomposites. All 

the experiments were conducted in duplicate and the average value was reported. 

 

Figure 5.1 Schematic of the preparation of PMMA nanocomposites 

5.2.4 Characterization Techniques 

FTIR spectra of the prepared PMMA nanocomposites were performed using Shimadzu 

Fourier transform infrared spectroscopy to identify the different peaks in polymer 

nanocomposites. The X-ray diffraction (XRD) profile of different nanoclays and PMMA 

nanocomposites were recorded using AXS D8 ADVANCE Fully Automatic Powder X-ray 

Diffractometer (Bruker) fitted with Cu-Kα radiation (λ = 0.15406 nm) and Ni filter. The 

patterns were acquired for 2θ range from 1-50
o
 with 0.05

o 
s

-1
 scan speed. TEM micrographs 

of PMMA nanocomposite was attained on a JOEL JEM-2100 transmission electron micro 

analyser with an accelerating voltage of 200 KV. The morphological study of polymer 

nanocomposites samples were analysed by scanning electron microscopy (model LEO 1430 

VP) operating at an accelerating voltage of 15 KV. In order to predict the glass transition 
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temperature (Tg) of the PMMA nanocomposites, Differential scanning calorimetry (DSC) 

analysis was carried out using Metler Toledo-1 series instrument. Samples were heated from 

25 to 250 
o
C at a heating rate of 10 

o
C/min under a flowing nitrogen atmosphere. Thermo 

gravimetric analysis of various nanocomposites was characterized on 

TGA/SDTA/851e/LF/1100 (Mettler Toledo) at a heating rate of 10 
o
C/min under the nitrogen 

atmosphere. The surface morphology was analysed by Atomic Force Microscope (AFM) 

instrument (Model No. 5500 series, Agilent Technologies, USA) in non-contact mode. The 

scan angle was perpendicular to the surface of specimen. All offline image flattening and 

analyses of the images were conducted using software, WSxM v5.0. Hardness (Shore D) 

values of nanocomposite films were measured using durometer according to ASTM D2240. 

The water vapor transmission rate (WVTR) analysis was performed at according to ASTM E 

398 using PERMATRAN-W instrument (Model: 1/50, Mocon USA). The WVTR test was 

executed at 37.8
o
C temperature and 90% relative humidity. The optical transmittance of 

different compositions was analyzed using Canon 550D digital camera.     

The rheological properties of pristine PMMA and its nanocomposites were measured by 

Anton Paar MCR 301 in an oscillation mode with parallel plate geometry using 50 mm 

diameter disc at 190 
o
C. Samples with ~1 mm thickness were used for rheological study. 

Water uptake test is considered as a standard method to measure the water resistance nature 

of the nanocomposite films. Water uptake capacity of the nanocomposite film was measured 

by taking weight before and after hydration. The nanocomposite films having dimensions of 

2 2 cm were taken and dried at 70 
o
C for 4 h to bring all the samples to a similar state. After 

which, the dry weight of the samples was measured. Each of the dried samples was then 

dipped into individual conical flasks containing 100 ml of Millipore water for 48 h. Then 

these samples were taken out, wiped the surface with tissue paper, and weighed immediately. 

The water uptake capacity of the nanocomposite films was calculated using the following 

equation. 

Water uptake (%) = 100w d

d

W W

W

 
 
 

   (5.1)   

where, Ww and Wd are the wet and dry weight of nanocomposite films, respectively.  
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5.3 RESULTS AND DISCUSSION 

5.3.1 FTIR Analysis 

The FTIR analysis has been carried out to study the different functional groups present in the 

clay, LDH and polymer nanocomposites. To make sure that the nanoclay is dispersed in the 

PMMA matrix, FTIR analysis was performed for PMMA nanocomposites and the results 

were compared with neat PMMA and clay. The FTIR results are shown in Figure 5.2(i) for 

all the samples. Nanoclay (Figure 5.2(i)e) shows its characteristic peaks at 3630, 3246, 2922, 

2849, 1612, 1465, 1048, 918, 750, 530, 458 cm
-1

. Clear broad band in the region 3300-3700 

cm
-1

 is observed, which corresponds to the –OH stretching vibration. This band has two 

features at 3630 cm
-1

 and at 3246 cm
-1

 showing the presence of two types of O-H groups: 

isolated OH groups and those involved in hydrogen bonding. The peaks at 2922, 2849, and 

1465 cm
-1

 are for CH2 asymmetric stretching, symmetric stretching, and in-plane scissoring 

vibrations, respectively. The peak at 1612 cm
-1

 corresponds to the bending vibration mode of 

hydrated water molecules and weakly bonded water molecules (Manoratne et al., 2006). A 

peak at 1046 cm
-1

 is attributed to Si-O stretching vibration. The bands observed at 917, 750, 

530 and 458 cm
-1

 corresponds to AlAlOH, AlMgOH, Al-O stretching and Mg-O bending 

vibration, respectively (Madejova, 2003). For neat PMMA, the absorbance band in the region 

2650-3000 cm
-1

, namely at 2996 and 2950 cm
-1

 are due to C-H stretching vibrations of CH3 

and methylene (CH2) groups and a peak in the region 1870-1540 cm
-1

 at 1731 cm
-1

 is due to 

the C=O stretching (see Figure 5.2 (i)d). It is observed that the spectra of all nanocomposites 

have same peaks with those of neat PMMA, as well as some additional small peaks coming 

from the nanoclay (i.e., the bonds of Si–O and Mg–O). From these results, it is confirmed the 

presence of nanoclay in the PMMA matrix. 

FTIR spectra of Co-Al LDH and nanocomposites are shown in Figure 5.2(ii). The 

nitrate anions which are present in LDH have three different characteristics peaks, i.e., the 

nitrate absorption peak observed at 1370 cm
-1

, two other nitrate vibration band at 1470 and 

822 cm
-1

. The stretching band for aliphatic CH3 or –CH2 of the long chain of SDS molecules 

is observed around 2840-2965 cm
-1

. The small peaks appeared at 1218 and 1063 cm
-1 

correspond to the symmetric (vs=o) and asymmetric vibration (vos=o) of sulfate from dodecyl 

sulfate, respectively. The broad peak in the vicinity of 3300-3700 cm
-1

 is assigned to O-H 

stretching vibration of hydrogen bonded interlayer water molecules and metal hydroxide 

layer (Du et al., 2009).The peaks observed at lower frequency (400-700 cm
-1

) correspond to 

the vibration of metal-oxygen bond in the brucite like lattice that is particular of this kind of 
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layered solids. The Ni-Al LDH and its nanocomposites also exhibits similar functional 

groups (see, Figure 5.2(iii)).  
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Figure 5.2 FTIR spectra of (i) PMMA/clay, (ii) PMMA/Co-Al LDH, (iii) PMMA/Ni-Al 

LDH nanocomposites 

 

5.3.2 XRD Analysis 

The nanocomposites can be characterized according to the degree of dispersion of the 

nanofiller in the polymeric matrix as intercalated and exfoliated nanocomposites. The 

particular form depends on the clay content, the chemical nature of the organic modifier, and 

the synthetic method. XRD is one of the most widely used tools to characterize the structure 

of the polymer/clay nanocomposites, i.e. intercalated or exfoliated. In the case of intercalated 

nanocomposite, there is an increase in the d-spacing (d001) (i.e. 001 peak is shifted to lower 

angle) as compared to the original clay d-spacing and for completely exfoliated structures, no 

(001) peak is given by the XRD. The intercalation capability of the PMMA into the clay 

galleries is evaluated by monitoring the clay interlayer spacing using XRD analysis as 

follows: The gallery height (d001 spacing) is calculated from peak positions using Bragg’s 

law: nλ = 2dsinθ, where λ is the X-ray wave length (λ = 0.15406 nm) and n = 1 (Hwu et al., 

2004). Figure 5.3(i) shows the XRD pattern of the nanoclay, neat PMMA and their 

corresponding PMMA/clay nanocomposites. It is observed that the nanoclay shows a peak 

(d001) at about 4.15
o
, corresponding to a basal spacing about 2.13 nm. However, the XRD 

patterns (Figure 5.3(i) c-e) of all the PMMA nanocomposites exhibit the appearance of two 
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peaks at lower angles. One is shifted to lower angle with respect to nanoclay (at 2θ value of 

2.75
o
 and corresponding d001 value is 3.21 nm), while other appears at a greater angle (about 

5.5
o
). This indicates that there is presence of a mixed morphology in the nanocomposites. 

The peak that is shifted to lower angle compared to clay indicates the increased interlayer 

spacing of the clay. Accordingly, intercalated nanocomposite morphology is obtained. 

However, the d001 spacing for the PMMA nanocomposites is independent of the clay loading 

and these results are consistent with the results reported by Krajnc and Sebenik, (2009) and 

Kim et al., (2003) for PMMA/OMMT, PS/clay nanocomposites, respectively. The possible 

coalescence of clay platelets can be inferred from the position of the second peak. The 

collapse of the platelets is certainly due to the relatively lower interaction energy between the 

PMMA and the modifiers used in the nanoclay. The intercalants/modifiers used for clay 

modification probably possess higher polarity. In general, stronger interaction energy of clay 

and modifiers/intercalants produces relatively less organophilic clays. Another possible 

reason is the change of organization of the intercalant molecules in the interlayer spacing 

during processing. These results are in agreement with the results published in literatures 

(Park et al., 2008; Rohlmann et al., 2008). Based on the work reported by Ho and Glinka, 

(2003), the dispersion force of the solvent is the major factor determining whether the 

nanoclay layers remain suspended in the solvent, while the forces of polarity and hydrogen 

bond induce the tactoid formation (intercalated structure) of the clay in solution. In all the 

nanocomposites, the higher order peak (at 2θ value of 20
o
) of the nanoclay disappears that 

strongly suggests the increased disordering of the tactoid stacking. On the whole, these 

results demonstrate the successful formation of partially intercalated PMMA nanocomposites 

via simple solvent blending method. 

 Figure 5.3 (ii) and (iii) represents the XRD graphs of organomodified Co-Al and Ni-

Al LDH respectively, along with their corresponding PMMA nanocomposites. The basal 

spacing (d003) of (003) peak appeared at 2θ value of 3.14
o
 for Co-Al LDH is estimated to be 

2.8 nm. This value represents the thickness of the brucite like layer as well as the size of 

anions existing in the interlayer. The basal spacing (d003) of (003) peak for SDS modified Ni-

Al LDH at 2θ value of 6.54
o
 is 1.35 nm. The diffraction peak corresponding to (003) is not 

seen in the PMMA nanocomposites with different concentration (3-7 wt.%) of LDH. Two 

major affirmations can be suggested for the absence of diffraction peaks in XRD: (a) either 

complete delamination of LDH layers in the PMMA/LDH nanocomposites, and/or (b) 

disarrangement of the LDH layers within the PMMA matrix without altering the d-spacing. 
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Krishna et al., (2013) were also obtained the exfoliated structure of PS/Co-Al LDH 

nanocomposites with up to 5 wt.% of LDH content, and higher LDH content yielded 

intercalated structure. Table 5.2 represents the complete XRD results of different PMMA 

nanocomposites. 

  

Table 5.2 XRD results of nanoclay, Co-Al LDH, Ni-Al LDH and their corresponding  

PMMA nanocomposites 

Sample Name  LDH concentration 

(wt.%) 

2θ
o
 d-spacing 

(nm) 

Structure 

Nanoclay - 4.15 2.13 Intercalated 

PMMA/clay 3 3 2.75 3.21 Intercalated 

PMMA/clay 5 5 2.75 3.21 Intercalated 

PMMA/clay 7 7 2.75 3.21 Intercalated 

     

Co-Al LDH - 3.14 2.8 Intercalated 

PMMA/Co-Al 3 3 - - Exfoliated 

PMMA/Co-Al 5 5 - - Exfoliated 

PMMA/Co-Al 7 7 - - Exfoliated 

     

Ni-Al LDH - 6.54 1.35 Intercalated 

PMMA/Ni-Al 3 3 - - Exfoliated 

PMMA/Ni-Al 5 5 - - Exfoliated 

PMMA/Ni-Al 7 7 - - Exfoliated 
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Figure 5.3 XRD pattern of (i) PMMA/clay, (ii) PMMA/Co-Al LDH, (iii) PMMA/Ni-Al 

LDH nanocomposites 
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5.3.3 TEM Analysis 

XRD alone is not adequate to describe the morphology of the nanocomposites as it gives the 

information about the interlayer distance of the LDH or clay. TEM analysis is more useful for 

investigating the detail structure (intercalated or exfoliated) of nanocomposites as well as to 

illustrate the distribution of LDH or clay layers in the polymer matrix. Figure 5.4(i) presents 

the TEM image of PMMA/clay nanocomposite sample prepared with 3 wt.% loading. It is 

seen from the image that the clay layers (dark lines) are dispersed in the PMMA matrix 

(bright area). The photograph shows the intercalated clay layers by the PMMA 

macromolecular chain and some small tactoids are present in this intercalated material. From 

this result, it is reasonable to suggest that the prepared PMMA/clay nanocomposite is 

intercalated in structure. 

 Figure 5.4(ii) represents the TEM images of PMMA/Co-Al LDH nanocomposites at 

different magnifications. The black lines represent the LDH platelets, whereas the light 

region represents the polymer matrix. From the Figure 5.4 ii (a,b), it is observed that the 

segregated layers of Co-Al LDH are dispersed in polymer matrix for PMMA/Co-Al LDH 3 

nanocomposite. This implies that the LDH layers lose their tactoids morphology, and are 

completely exfoliated in the PMMA matrix (Krishna and Pugazhenthi, 2013). The arrow 

marks represent the exfoliated structure; however, circle denotes the intercalated state. In the 

case of PMMA/Co-Al LDH 5 nanocomposite, exfoliated structure is seen in Figure 5.4 ii(c), 

while in other region (Figure 5.4 (ii) d) it is found that intercalated arrangements are also 

exist in the nanocomposite (marked in circle). This suggests that PMMA/Co-Al LDH 5 

possesses partially exfoliated structure. The LDH platelets might be fragmented into smaller 

parts when they are exfoliated due to the occurrence of layer deterioration. The TEM 

micrographs of PMMA/Co-Al LDH 7 nanocomposite shown in Figure 5.4 ii (e, f) 

demonstrate that lamellar structures of Co-Al LDH are distributed in the PMMA matrix and 

this recommends that the intercalated morphology is obtained at higher loading of Co-Al 

LDH. These tactoids contain 4-5 layers of Co-Al LDH. It is generally observed that when 

layer spacing goes beyond 6-7 nm in the intercalated structure, the structure becomes 

disordered (Morgan and Gilman, 2003). In this circumstance, XRD results are not useful to 

analyze nanocomposite structure. In our previous work (Krishna and Pugazhenthi, 2013), 

TEM analysis confirmed the formation of exfoliated PS/Co-Al LDH nanocomposites with 3 

and 5 wt.% LDH loading. 
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 It is observed from Figure 5.4 iii (a) that the Ni-Al LDH layers are dispersed in 

intercalated form in polymer matrix for PMMA/Ni-Al LDH 3 sample. While the mixed 

morphology i.e. partially intercalated and exfoliated, is exhibited in PMMA/Ni-Al LDH 5 

sample (see, Figure 5.2.4 (iii) b). The ‘E’ represents the exfoliated structure however ‘I’ 

denotes the intercalated state.TEM images clearly demonstrate the formation of partially 

exfoliated. The obtained results are in good agreement with the works of Wang et al., (2010) 

and Nyambo et al., (2009) on PMMA/ Ni-Al LDH nanocomposite. 

 

 

Figure 5.4 (i) TEM image of PMMA/clay 3 nanocomposite sample 
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Figure 5.4 (ii) TEM images of PMMA/Co-Al LDH 3 (a, b), PMMA/Co-Al LDH 5 (c, d) 

and PMMA/Co-Al LDH 7 (e, f) nanocomposites 
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Figure 5.4 (iii) TEM image of (a) PMMA/Ni-Al LDH 3 and (b) PMMA/NI-Al LDH 5 

nanocomposite 

 

5.3.4 SEM Analysis 

Figure 5.5(i) shows the SEM images of clay in PMMA-3 nanocomposite and it can be seen 

clearly that clay is uniformly distributed rather than agglomerates. Scanning Electron 

Microscope is a scientific instrument that uses a beam of highly energetic electrons to 

examine objects of very fine scale. This examination yields information about the topography 

(surface features of an object), morphology (shape and size of the particles making up the 

object), and composition (the elements compounds that the object is composed of and the 

irrelative amounts). The sample is irradiated by the beam and secondary electrons are 

produced i.e. the excited electrons in the sample and lose most of its energy in the process. 

The excited electron moves towards the surface of the sample undergoing elastic and 

inelastic collisions interactions inside the irradiated sample. These interactions and effects are 

detected and transformed into an image. SEM image reveals the presence of clay and its 

distribution in the nanocomposite.  

 In PMMA/Co-Al LDH nanocomposites, it is observed that LDH is homogenously 

dispersed in the polymer matrix. The aggregation of Co-Al LDH particles is also noticed at 

higher loading (see Figure 5.5 ii).  The SEM image of PMMA/Ni-Al LDH nanocomposites 

(Figure 5.5 iii) indicates that with increasing the LDH concentration, the distribution of LDH 

in the polymer matrix is significantly affected. In lower magnification range, global 

dispersion of LDH particle in the PMMA matrix can be seen. Higher magnification shows 
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large agglomerated LDH particle, when PMMA/Ni-Al LDH 7 sample compared with 

PMMA/Ni-Al LDH 5 and PMMA/Ni-Al LDH 3 sample. SEM image of PMMA/Ni-Al LDH 

3 shows relatively uniform LDH distribution in the PMMA matrix (Figure 5.5 (iii) a). As the 

LDH loading increases from 3 to 7 wt.%, degree of random distribution increases and large 

agglomerates start to form throughout the PMMA matrix. 

 

 

Figure 5.5 (i) SEM image of PMMA/clay 3 nanocomposite  
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Figure 5.5 (ii) SEM images of (a) PMMA/Co-Al LDH 3, (b) PMMA/Co-Al LDH 5  

and (c) PMMA/Co-Al LDH 7 nanocomposites 
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Figure 5.5 (iii) SEM images of (a) PMMA/NI-Al LDH 3, (b) PMMA/Ni-Al LDH 5  

and (c) PMMA/Ni-Al LDH 7 nanocomposites 

 

5.3.5 Thermogravimetric Analysis 

TGA analysis is mainly employed to examine the thermal stability and degradation 

temperature of the polymer. Figure 5.6(i) represents the TG curves of the clay, neat PMMA 

and PMMA nanocomposites with various content of clay (3, 5 and 7 wt.%) at a heating rate 

of 10 
o
C/min. The TGA analysis of nanoclay shows a total weight loss of about 30 wt% 

between 30-800 
o
C.  A small weight loss observed below 300 

o
C corresponds to the removal 

of physorbed water present in the clay. The weight loss between 300 and 450 
o
C is due to the 

degradation of the organic fraction introduced as modifier in the clay as well as to the loss of 

hydration water. There is also decomposition at above 450 
o
C, which is associated with 

dehydoxylation of aluminosilicate. 
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Figure 5.6 (i) TGA and DTG curves of PMMA/clay nanocomposites 

 

 

Figure 5.6 (ii) TGA and DTG curves of PMMA/Co-Al LDH nanocomposites 
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Figure 5.6 (iii) TGA and DTG curves of PMMA/Ni-Al LDH nanocomposites 

 

Figure 5.6 (i) (a-e) shows the characteristic TGA curves of PMMA nanocomposites. The 

relatively low weight loss in the temperature range 100–200 
o
C observed in the TGA curves 

could be attributed to the evaporation of solvent molecules trapped by the polymer chains or 

into the organophilic interlayer space of the clay. The main degradation (300-420 
o
C) occurs 

due to the polymer chain degradation with production of the products including solid and 

gases. The degradation of the nanocomposites differs with organoclay content and the 

contribution to total apparent activation energy becomes more significant. The PMMA 

nanocomposites exhibit superior thermal stability compared to neat PMMA, which is 

confirmed by the shifting of the TGA curve of the nanocomposites towards the right of the 

TGA curve of neat PMMA. When 50% weight loss (T50%) is selected as a point of 

comparison, the decomposition temperature of PMMA nanocomposite is found to be 13-20 

o
C higher than that of neat PMMA and increases with an increase in the clay content. This 

beneficial effect is because of the hinder effect of clay platelets for the diffusion of volatile 

products throughout the composite material. The clay acts as a heat barrier, which enhances 

the overall thermal stability of the system. Further, these assist in the formation of char after 

thermal decomposition. The thermal stability of nanocomposites obtained in this study is 

better than the stability of PMMA nanocomposites prepared with other organoclays (Krajnc 

and Sebenik, 2009; Oral et al., 2009). Krajnc and Sebenik, (2009) have observed around 7 

and 16 
o
C improvement in the decomposition temperature (T50%) for PMMA nanocomposite 
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containing 10 wt.% OMMT content (Cloisite15A) over PMMA, which was prepared by melt 

compounding, and bulk polymerization method, respectively. In another work reported by 

Oral et al., (2009), the PMMA nanocomposite with 5 wt.% OMMT content exhibited about 

3
o
C enhancement in the thermal decomposition temperature (T50%) relative to that of pristine 

PMMA. 

The enhanced thermal stability of the nanocomposites can also be obtained from the DTG 

curve as shown in Figure 5.6(i). The peak indicates the maximum degradation temperature 

(Tmax). It is clear from this figure that the maximum degradation temperature shifts towards 

the higher value with an increase in the clay content. The Tmax value for neat PMMA is 371 

o
C while the Tmax value for the nanocomposites is found to be 384 

o
C, 389 

o
C and 394 

o
C, 

respectively, for 3, 5 and 7% clay content. This confirms further that the incorporation of 

nanoclay into polymer matrix enhances the thermal stability of the nanocomposites. 

Therefore, an improvement in the thermal stability will lead to the better service performance 

of the nanocomposites at an elevated temperature. Around 10-30 wt.% of inorganic materials 

(glass fiber, talk, etc.) are usually utilized to reinforce a polymer. When nanoclay is used as 

filler, about 1-5 wt.% is enough to improve the properties of a matrix polymer. The reason is 

supposed to be the molecular level dispersion and high aspect ratio (defined as the ratio 

between length and thickness of the clay platelets) of the clay. It is well documented that as 

the aspect ratio of the layered nano fillers increases, the enhancement in the properties of 

polymer matrix also increases (Yano et al., 1997). Those facts maximize the available surface 

area of the reinforcing phase between the clay and the polymer matrix, and lead to excellent 

properties. 

 The TGA curves of Co-Al LDH, Ni-Al LDH, neat PMMA and PMMA/LDH 

nanocomposites are represented in Figure 5.6(ii) and (iii). The main weight loss of 

organically modified Co-Al LDH takes place due to the loss of inter layer water molecules, 

destruction of alkyl chains of the SDS molecule and loss of hydroxide from LDH layers. The 

thermal degradation of neat PMMA mainly occurs in the temperature range of 303-420 
o
C 

and no residues are left above 430 
o
C. Generally, PMMA nanocomposites exhibit weight loss 

in two main steps. The initial weight loss occurred majorly in the temperature range of 120-

250 
o
C is due to vaporization of physically absorbed water molecule in the intercalated 

layers, thermal decomposition of alkyl chains of the SDS molecule and loss of hydroxide 

from LDH layers (Du et al., 2009). The second step of weight loss starts from 250-440 
o
C 

due to the thermal degradation of PMMA as well as the generation of black carbonized 
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residues. The thermal degradation rate of PMMA/LDH nanocomposites is much slower in 

this step when compared with neat PMMA. A slow degradation rate of PMMA 

nanocomposites is attributed to the restrained effect of LDH layers for diffusion of volatile 

outputs throughout the nanocomposite samples. Above ~500 
o
C, all the graphs become 

smooth because only inorganic residues remain at that temperature. When 15% weight loss is 

selected as a point of consideration, the degradation temperature of neat PMMA, PMMA/Co-

Al LDH 3, PMMA/Co-Al LDH 5 and PMMA/Co-Al LDH 7 are 320, 342, 343.4 and 345.5 

o
C, respectively. This result clearly shows the enhanced thermal decomposition temperature 

of PMMA nanocomposites in comparison with neat PMMA. At 15% weight loss, the 

decomposition temperatures of PMMA/Co-Al LDH nanocomposites is 22-25 
o
C higher than 

that of pristine PMMA. A similar type of result was also reported for PMMA/ZnAl LDH 

nanocomposites (Chen and Qu, 2005). When 15% weight loss was selected as a point of 

comparison, PS nanocomposites prepared with 5 wt.% LDH showed 2-7 
o
C improvement in 

thermal stability compared to other PS nanocomposites synthesized with 5 wt.% Cu-Al, Ni-

Al and Cu-Fe LDHs (Sahu and Pugazhenthi, 2011). Unnikrishnan et al., (2011) reported 

about 2-16 
o
C enhancement in the thermal degradation temperature for PMMA/organoclay 

nanocomposites over pristine PMMA at 10% weight loss as a point of reference. In our 

previous work (Kumar et al., 2014), PMMA/organoclay nanocomposites prepared by melt 

blending technique demonstrated around ~9 
o
C improvement in the thermal decomposition 

temperature over neat PMMA when 15% weight loss was considered as a point of 

comparison. The comparison analysis points out that PMMA/Co-Al LDH nanocomposites 

have better thermal stability compared to other PMMA and PS based nanocomposites. When 

50% weight loss is selected as a point of consideration, the degradation temperature of 

PMMA, PMMA/Co-Al LDH 3, PMMA/Co-Al LDH 5 and PMMA/Co-Al LDH 7 are 

estimated to be 364.2, 370.5, 371.7 and 374 
o
C. The decomposition temperature of PMMA 

nanocomposites is observed to be 6-9 
o
C greater than that of neat PMMA. For PMMA/Ni-Al 

LDH nanocomposites, the decomposition temperature of neat PMMA, PMMA/Ni-Al LDH 3, 

PMMA/Ni-Al LDH 5 and PMMA/Ni-Al LDH 7 is 320, 345, 346 and 348 
o
C, respectively at 

15% weight loss as a reference point. Similar type of results is also observed when 50% 

weight loss is chosen as a point of comparison. The decomposition temperature of neat 

PMMA, PMMA/Ni-Al LDH 3, PMMA/Ni-Al LDH 5 and PMMA/Ni-Al LDH 7 are 364.2, 

372, 373 and 376 
o
C respectively at T50%. An improved thermal resistance may be caused by 

the inhibition of out-diffusion of the volatile gas from thermally decomposed materials 

because the exfoliated LDH layers, which are well dispersed in the PMMA matrix, act as a 
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gas barrier that reduces the permeability of the volatile gas (Wang and Zhang, 2004). The 

enhanced thermal stability is also supported by the TGA derivative curves displayed in 

Figure 5.6 (ii) (b-d). The entire TGA derivative curves for PMMA nanocomposites are 

migrated towards higher side of pristine PMMA, demonstrating the enhanced thermal 

stability that will promote to superior work performance of the nanocomposites at higher 

temperature. The complete thermal analysis of nanoclay, Co-Al LDH, Ni-Al LDH and their 

corresponding PMMA nanocomposites are given in Table 5.3.  

 

Table 5.3 TGA and DSC results of various PMMA nanocomposites 

 

 

Sample Name  

Temperature 

at 15 wt.% 

degradation 

in 
o
C (T15) 

Temperature 

at 50 wt.% 

degradation 

in 
o
C (T50) 

Temperature 

at maximum 

rate of 

degradation 
o
C (Tmax) 

Glass 

transition 

temperature 

in 
o
C (Tg) 

Neat PMMA 320 364 371 110.5 

PMMA/clay 3 345 377 384 111.4 

PMMA/clay 5 330 379 389 111.5 

PMMA/clay 7 345 384 394 113.1 

     

PMMA/Co-Al 3 342 370.5 372.2 112.6 

PMMA/Co-Al 5 343.4 371.7 374.6 113.7 

PMMA/Co-Al 7 345.5 374 376.2 114.6 

     

PMMA/Ni-Al 3 345 372 374 112.6 

PMMA/Ni-Al 5 346 373 376 112.9 

PMMA/Ni-Al 7 348 376 377 113.8 
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5.3.6 Differential Scanning Calorimetry  

Differential scanning calorimetry (DSC) is used to study the phase transitions like fusion, 

crystallization and glass transition temperature (Tg). To investigate the mobility of polymer 

chains in term of its Tg in the clay layers, DSC study of neat PMMA and PMMA/clay 

nanocomposites has been carried out at a heating rate of 5 
o
C/min and the results are reported 

in Figure 5.7(i). The Tg value for neat PMMA is 110.5 
o
C and the maximum increase of 2.6 

o
C is noticed with the clay loading of 7% (113.1 

o
C). As evidenced, the Tg increases with 

increasing clay content from 3 to 7 wt.%. These results infer that the prepared PMMA 

nanocomposites have a larger interfacial area between the polymer matrix and the clay to 

influence the Tg (Krajnc and Sebenik, 2009). The improvement in the Tg is owing to the clay 

nano platelets with high aspect ratios in the PMMA matrix, as the segmental motions of the 

polymer chains are restricted at the organic-inorganic interface, due to the confinement of the 

PMMA chains between the silicate layers and the silicate surface-polymer interaction in the 

nanocomposites (Huang et al., 2001; Tsai et al., 2009; Oral et al., 2009). The chemical 

bonding at the interface of the nanoclay layer and the PMMA matrices reduces the relaxation 

mobility of the polymer at the interface region. 

 Figure 5.7 (ii) and (iii) represents the DSC curves of PMMA/Co-Al LDH and 

PMMA/Ni-Al LDH nanocomposites respectively. The glass transition values of neat PMMA, 

PMMA/Co-Al LDH 3, PMMA/Co-Al LDH 5 and PMMA/Co-Al LDH 7 are 110.5, 112.6, 

113.7 and 114.6 
o
C, respectively. It is noticeable from the DSC analysis that Tg of 

PMMA/Co-Al LDH 7 is 4 
o
C higher than that of pristine PMMA. The glass transition 

temperature (Tg) values of neat PMMA, PMMA/Ni-Al LDH 3, PMMA/Ni-Al LDH 5 and 

PMMA/Ni-Al LDH 7 are 110.5, 112.6, 113 and 114 
o
C, respectively. It can be seen from the 

DSC analysis that Tg of PMMA/Ni-Al LDH 7 is 3 
o
C higher than the neat PMMA. The 

increase in Tg value is due to the restricted movements of PMMA chains between the LDH 

interlayer. Even if only one end of the PMMA chain is constrained by LDH layers, it will still 

increase the Tg value. It is well documented in the literature (Li et al., 2008; Stretz and Paul, 

2005) that Tg of nanocomposite depends on various factors, such as nature of modifier, 

weight of clay loading, basal spacing and arrangement of clay layers. Unniskrishnan et al., 

(2011) and Mohanty et al., (2010) also observed marginal improvements in Tg for 

PMMA/MMT (1.1-1.7 
o
C) and PMMA-g-MA/B109 (0.45 

o
C) nanocomposites. 
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Figure 5.7 DSC curves of  (i) PMMA/clay, (ii) PMMA/Co-Al LDH and (iii) PMMA/Ni-

Al LDH nanocomposites 

 

 

5.3.7 AFM Analysis 

The AFM analysis of different PMMA nanocomposite was carried out to access the effect of 

nanoparticle loading on the surface morphology of the nanocomposite film. The incremental 

addition of the clay or LDH led to increase the surface roughness of all nanocomposite films. 

The 3D pictorial representation of each sample is displayed in Figure 5.8 (i-iii). It is clearly 

seen that pits are present in all the images. The minimum surface roughness is observed for 
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the PMMA/Co-Al LDH nanocomposite with 3 wt.% loading, whereas maximum roughness 

is seen in case of PMMA/clay nanocomposite with 7 wt.% loading. To confirm measurement 

repeatability, each nanocomposite (for 3-7 wt.% loading) film is scanned in two separate 

location. The 2D images of different PMMA nanocomposites are given in appendix. 

 

 

 

 

Figure 5.8(i) AFM images of (a) PMMA/clay 3, (b) PMMA/clay 5 and                            

(c) PMMA/clay 7 nanocomposites 

 

 

Figure 5.8(ii) AFM images of (a) PMMA/Ni-Al 3, (b) PMMA/Ni-Al 5 and                      

(c) PMMA/Ni-Al 7 nanocomposites 

 

 

Figure 5.8(iii) AFM images of (a) PMMA/Co-Al 3, (b) PMMA/Co-Al 5 and                    

(c) PMMA/Co-Al 7 nanocomposites 

(a) (b) (c) 
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5.3.8 Hardness 

Hardness is the resistance of a polymeric material to localized deformation. The deformation 

can arise either from indentation, scratching, cutting or bending. Hardness of polymeric 

materials i.e. thermoplastic and thermoset, and other hard elastomers are measured in Shore 

D scale. The Shore D hardness (ASTM D2240) of neat PMMA (thermoplastic) and its 

nanocomposites with different nanofiller loading is shown in Figure 5.9. Hardness test shows 

improved hardness for different PMMA nanocomposites as compared to neat PMMA. With 

an increase in the clay or LDH content in the PMMA matrix, hardness of PMMA 

nanocomposites increases gradually. Hardness data is taken from fifteen different part of 

each film sample and finally average value is shown in the Figure 5.9. The average Shore D 

values of PMMA/clay nanocomposites are found to be 53, 58, 60, 62 for neat PMMA, 

PMMA-3, PMMA-5 and PMMA-7, respectively. The hardness of PMMA/Co-Al LDH 

nanocomposites is 54, 56 and 58 for LDH loading of 3, 5 to 7 wt.%, respectively. Similarly, 

PMMA/Ni-Al LDH nanocomposites exhibit 55, 56, 58 Shore D hardness for PMMA/Ni-Al 

LDH 3, PMMA/Ni-Al LDH 5 and PMMA/Ni-Al LDH 7, respectively. The reason behind 

this improved hardness is due to the presence of exfoliated nanofiller layers in PMMA 

matrix. The clay or LDH layers are uniformly distributed throughout the PMMA matrix. The 

clay layers are having higher interfacial/contact area with PMMA matrix, hence effectively 

restricts indentation. This causes increased hardness of the nanocomposites. The PMMA-7 

nanocomposites containing 7 wt.% of clay shows a maximum hardness increase of 16% as 

compared to pure PMMA. 
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Figure 5.9 Hardness of (i) PMMA/clay, (ii) PMMA/Co-Al LDH, (iii) PMMA/Ni-Al LDH 

nanocomposites 

 

5.3.9 Water Uptake Test 

The films of different PMMA nanocomposite are tested for water intake capacity. The water 

uptake tests show that, the water uptake capacity of PMMA nanocomposites decreases as the 

amount of clay or LDH loading increases. The water uptake capacity of neat PMMA is 

1.11%, while the water uptake capacities of PMMA/Co-Al LDH nanocomposite with 3, 5 

and 7 wt.% LDH loading are 0.86, 0.73 and 0.66%, respectively. Similarly, PMMA/Ni-Al 

LDH nanocomposites demonstrate 0.86, 0.82 and 0.63% water-uptake capacity for different 

loading of LDH (3-7 wt.%). The hydrophilic nature of LDH is reduced with organic 

modification of LDH using SDS as modifier. Even though neat PMMA is hydrophobic in 

nature, the presence of modified LDH acts as an additional barrier against the water intake 

capacity of nanocomposite and making it more water resistant. 

5.3.10 Optical Test 

The optical test of different polymer nanocomposites films has performed using digital 

camera. It is clearly noticed from the images that transmittance is altered by the presence of 

different nanofillers and reduced as the loading increases. It is also observed that 3 wt.% 

loading of nanofiller has little influence on transmittance. The shape, dispersion and loading 

of nanofiller have prominent effect on the optical properties of nanocomposites films. The 
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layers of clay or LDH nanofiller is strong enough to reduce the transmittance of polymer 

films and found to be maximum at 7 wt.% loading of nanofiller (see Figure 5.10).  

 

 

Neat PMMA 

 

 

    (i) PMMA/clay nanocomposites 

 

 

 (ii) PMMA/Co-Al LDH nanocomposites 
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(iii) PMMA/Ni-Al LDH nanocomposites 

Figure 5.10 Transparency of neat PMMA, (i) PMMA/clay, (ii) PMMA/Co-Al LDH and 

(iii) PMMA/Ni-Al LDH nanocomposites with (b) 3, (c) 5 and (d) 7 wt.% 

 

5.3.11 WVTR Analysis 

The water vapor transmission rate (WVTR) is also known as moisture vapor transmission 

rate (MVTR), and is an important parameter for food packaging application. It is quantified 

by the water vapor permeability coefficient (WVPC), which indicates the amount of water 

vapor that permeates per unit of area and time in a packing material. From the above thermal 

characterization results, it is observed that the different polymer nanocomposites exhibit 

enhanced properties at higher loading. Therefore, the water vapor transmission test was 

carried out using PMMA nanocomposite sample with 7 wt.% loading of nanofiller. It is well 

known that LDHs or silicates are able to reduce the transmission rate of packing film. The 

water vapor transmission rate for neat PMMA, PMMA/clay, PMMA/Co-Al LDH, 

PMMA/Ni-Al LDH nanocomposites with 7 wt.% loading of nanofiller is found to be 73, 

34.2, 46.9 and 15.2 gm/m
2
/day, respectively. The results suggest that transmission rate is 

reduced by the addition of different nanofiller. The reduced transmission rate is related to 

various factors such as shape and loading of nanofiller, degree of exfoliation and porosity 

that will influence the tortuous path. It is clearly shown in Figure 5.11 that how layered 

silicate or LDH nanoplatelets hinder the permeation path of polymer film that results in 

reduced transmission rate. Similarly, the thermal decomposition temperature of polymer 

nanocomposite is also enhanced due to the addition of nanoparticles.   
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Figure 5.11 Permeation path imposed by nanoparticles imbedded in polymer films 

 

5.3.12 Kinetic Analysis  

Figure 5.12 (a-c) shows all the linear fitted graph of PMMA and its nanocomposites with 

various concentration of clay or LDH. The calculated reaction order at the best R value is 

considered as the reaction order for that sample. Afterwards, the activation energy and the 

pre-exponential factor are estimated from the slope and intercept of fitted straight line. The 

activation energy of neat PMMA, PMMA/clay nanocomposites samples having 3, 5, 7 wt.% 

is 99.4, 130.9, 137.7 and 149.2 kJ/mol, respectively. Similarly, PMMA/Co-Al LDH 

nanocomposite samples containing 3, 5, 7 wt.% LDH is 158.1, 163.3 and 175.5 kJ/mol, 

respectively. For PMMA/Ni-Al LDH samples, it is in the range of 167-170 kJ/mol. It is 

evident from the Table 5.4 that Ea of PMMA/Co-Al LDH nanocomposite is 58-76 kJ/mol 

higher than that of neat PMMA. The PMMA/Co-Al LDH 7 has the highest activation energy 

value among all other samples. Chen and Wang, (2007) also reported the improvement in 

activation energy of nanocomposites as compared to neat polymer, which is in accordance 

with this work. 
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Table 5.4 Kinetic parameters of different samples at better correlation coefficient 

obtained from Coats-Redfern method 

Sample Ea(kJ/mol) A n R
 

Neat PMMA 99.4 3.862 x 10
7
 0.6 0.996 

PMMA/clay-3 130.9 6.980x 10
9
 0.7 0.991 

PMMA/clay-5 137.7 9.915x 10
9
 0.7 0.996 

PMMA/clay-7 149.2 4.413x 10
10

 0.7 0.991 

     

PMMA/Co-Al LDH 3 158.1 2.731 x 10
12

 1.1 0.998 

PMMA/Co-Al LDH 5 163.3 6.407x 10
12

 1.1 0.998 

PMMA/Co-Al LDH 7 175.5 6.274 x 10
13

 1.2 0.998 

     

PMMA/Ni-Al LDH 3 167 1.190 x 1013
 1.1 0.998 

PMMA/Ni-Al LDH 5 167.1 1.243 x 1013
 1.1 0.998 

PMMA/Ni-Al LDH 7 170 1.942 x 1013
 1.1 0.998 
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Figure 5.12 Determination of kinetic parameters by plots of the left part in equation 

3.10 against -1/T using Coats-Redfern method for various PMMA nanocomposites 

 

The kinetic parameters obtained from Coats-Redfern method are utilized to estimate the 

different reaction mechanism in Criado method. Figure 5.13 (a-c) displays the Z(α)-α master 

and experimental curve of neat PMMA and PMMA nanocomposites with 3, 5 and 7 wt.% 

concentration. It is observed that for neat PMMA, the experimental Z(α)-α curve initially 

follows F1 reaction mechanism (random nucleation having one nucleus on individual 

particle) with lower α value (α=0.15-0.4) and then it deviates from F1 reaction mechanism to 

A4 mechanism (nucleation and growth) at higher α value (α=0.8-0.95). In case of Co-Al 

LDH and Ni-Al LDH based PMMA nanocomposites, Z(α)-α experimental curves follow F1 

reaction mechanism in the entire  range of α value. 
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Figure 5.13 Determination of the thermal degradation mechanism by plotting Z(α) 

versus α using Criado model for various PMMA nanocomposites 

 

 

The integral procedure decomposition temperature (IPDT) method was employed to estimate 

the thermal stability of different nanocomposites. All the nanocomposites exhibit higher 

IPDT value as compared to neat PMMA, which indicates the enhanced thermal stability of 

the nanocomposites. The IPDT values of neat PMMA and PMMA nanocomposites with 3, 5 

and 7 wt.% clay loading are 351.5, 392.3, 401.2 and 405.7 
o
C (see, Table 5.5). The 

PMMA/Co-Al LDH nanocomposites exhibit 397, 412.6 and 421.1 
o
C for various 

compositions. Similar findings are also obtained for Ni-Al LDH based nanocomposites, 

denoting 399.4, 406.7, 423.6 
o
C for 3, 5 and 7 wt.%, respectively.  
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Table 5.5 IPDT results of different PMMA nanocomposite samples 

Samples Initial Temperature 

(Ti) 
o
C 

Final Temperature 

(Tf) 
o
C 

IPDT 

(
o
C) 

Neat PMMA 50 700 351.5 

PMMA/clay-3 50 700 392.3 

PMMA/clay-5 50 700 401.2 

PMMA/clay-7 50 700 405.7 

    

PMMA/Co-Al LDH 3 50 700 397.0 

PMMA/Co-Al LDH 5 50 700 412.6 

PMMA/Co-AlLDH 7 50 700 421.1 

    

PMMA/Ni-Al LDH 3 50 700 399.4 

PMMA/Ni-Al LDH 5 50 700 406.7 

PMMA/Ni-AlLDH 7 50 700 423.6 

 

5.3.13 Rheological properties 

The polymer contains both the property i.e. viscous and elastic nature and thus it possesses 

the viscoelastic characteristic. The storage modulus (G’) represents the elastic or stiffness i.e. 

solid like behaviour and it is associated with energy stored in the material. The loss modulus 

(G”) denotes the viscous i.e. liquid like behaviour of the polymer melts and it is related to 

energy dissipation. It is essential to analyze the viscoelastic behaviour of polymer 

nanocomposites as it is very important parameter in processing condition i.e. extrusion, 

injection. It is also suggested that the mobility and relaxation of macromolecular chains are 

retarded by the geometric confinement of the organoclay network. Hence, rheological 

behaviour of nanocomposite melts has been a subject of intensive research and has very high 

significance in industrial processing of polymer nanocomposites.  
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(a) Storage modulus  

Rheological study of polymer composites is an efficient tool to identify the processing 

behaviour and nanofiller distribution, concentration of filler and bonding between filler and 

polymer matrix. Many polymer composites showed the transformation in rheological 

behaviour from liquid-like to pseudo-solid-like or solid-like with increasing filler 

concentration. This transition concentration is called the rheological percolation threshold. 

The storage modulus (G’) measured at various angular frequency (190 
o
C) for neat PMMA 

and its nanocomposites containing 3-7 wt.% of clay and LDHs are shown in Figure 5.14. The 

frequency dependence of storage modulus (G’) for the PMMA nanocomposites containing 

LDH layers demonstrate a liquid-like behavior at the lowest frequency, i.e. below 0.1 s
-1

.  It 

is distinct from the storage modulus graph that at lower frequency, neat PMMA along with its 

nanocomposites show similar trend; however, the modulus is higher for nanocomposite 

samples. As the frequency increases, the storage modulus also enhances and becomes less 

dependent on the shear rate. This entire phenomenon indicates the behavior from a liquid like 

to a solid like viscoelastic, i.e. the formation of nanoclay-polymer chain network occurs. As 

can be directly seen, the moduli of nanocomposites increase with an increase in the LDH 

concentration; however, this enhancement is greater in the higher frequency region. It is 

generally observed that both the modulus i.e. storage (solid-like) and loss modulus (liquid 

like) is affected by the addition of nanofiller as the viscoelastic characteristic changes. At 

lower loading, the viscosity is changed due to polymer-filler interaction. With the further 

increase of loading, the viscosity increases which leads to polymer-nanofiller network. Thus, 

system transition takes place from liquid like to solid like behaviour. It results due to filler-

filler and filler-polymer interaction. The increase in the storage modulus is due to the 

intercalation of clay. At higher frequency, the two moduli soon become equal and display 

nearly a plateau region having high storage modulus than loss modulus. Similar type of trend 

is also displayed by clay and Ni-Al LDH based nanocomposites (see Figure 5.14). 
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Figure 5.14 Storage modulus as a function of angular frequency at 190 
o
C for (i) 

PMMA/clay, (ii) PMMA/Co-Al LDH and (iii) PMMA/Ni-Al LDH nanocomposites 

 

(b) Loss modulus 

Loss modulus is a parameter, which relates the viscous effect of nanocomposites. Variation 

of loss modulus (G”) with angular frequency at 190 
o
C is shown in Figures 5.15. It is 

observed that at lower frequency, PMMA nanocomposites display higher loss modulus with 

respect to neat PMMA, indicating that LDH layers have pronounced effect on it. At higher 

shear rate, it is noticed that long-time relaxation for all the samples have perturbed and LDH 

layers have less effect. A similar type of results is also reported by Zhang and co-authors, 

(2012) for graphene based PMMA composites. PMMA/clay and PMMA/Ni-Al LDH samples 

also display similar pattern as seen from Figure 5.15 (i and iii). 
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Figure 5.15 Variation of loss modulus with angular frequency at 190 
o
C for                   

(i) PMMA/clay, (ii) PMMA/Co-Al LDH and (iii) PMMA/Ni-Al LDH nanocomposites 
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Figure 5.16 Loss factor as a function of angular frequency at 190 
o
C for (i) PMMA/clay,  

(ii) PMMA/Co-Al LDH and (iii) PMMA/Ni-Al LDH nanocomposites 

 

(c) Loss factor  

Loss factor (tan δ) arises from the discordance between strain and stress in the polymer when 

exposed to an external force, which is strongly related to applied frequency. For neat PMMA 

and along with different nanocomposites, tan δ decreases monotonously with increasing 

angular frequency (see Figure 5.16). Loss factor (tan δ) of polymer nanocomposites is nearly 

independent particularly at lower frequency region. This independency arises due to 

development of material elasticity. This material elasticity decreases with an increase in the 

nanofiller loading at lower frequency region or in other words, it is higher for neat polymer. 
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Figure 5.17 Variation of complex viscosity with angular frequency at 190 
o
C for  

(i) PMMA/clay, (ii) PMMA/Co-Al LDH and (iii) PMMA/Ni-Al LDH nanocomposites 

 

(d) Complex viscosity  

Figures 5.17 (i, ii and iii) illustrates the complex viscosity (η
*
) of neat PMMA and nanoclay, 

Co-Al LDH and Ni-Al LDH based nanocomposites at various angular frequency. Similar to 

rheological moduli, there is an increase in the complex viscosity of nanocomposites with an 

increase in LDH concentration. Moreover, the rheological behaviour of nanocomposites is 

more sensitive to LDH concentrations at lower frequency. Graphs converge at higher 

frequencies. This is due to the fact that the rheological response of nanocomposites arises 

from frictional interactions between the nanofillers (Samyn et al., 2008), and also between 
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the polymer chains and layers of LDH. Therefore, increasing the LDH content enhances the 

number of frictional interactions between the nanofillers and matrix. The neat PMMA shows 

a classical viscoelastic behaviour, which is characterized by a transition from a low frequency 

Newtonian flow behaviour to a high frequency shear thinning nature (viscosity decreases 

with an increase of shear rate/frequency). For PMMA nanocomposites, at a lower frequency 

region, Newtonian flow behaviour is gradually shifted to shear thinning behaviour when the 

melt shows a transition from a liquid like to pseudo-solid like state. This type of low-

frequency rheological response is typical for polymer nanocomposites, where relaxation of 

the system is strongly lowered due to the tethering of the polymer chains on the particle 

surface and particle-particle interactions. A similar type of trend is also reported by Costa et 

al., (2006) for polyethylene nanocomposites containing 1 to 15 wt.% loading of Mg-Al LDH.  

 

(e) Theoretical Prediction of Storage Modulus and Loss Factor 

In order to predict the storage modulus, one of the simplest equations for the reinforcement of 

a material due to an inclusion was given by Einstein, (1956) 

Gc = Gm (1+1.25 Vf)     (5.2) 

Where G is the storage modulus, subscript c and m represent composite and matrix, 

respectively. Vf is the volume fraction of the nanoparticles inclusions. 

Another equation proposed by Einstein was 

Gc = Gm (1 + Vf)    (5.3) 

where the terms are same as discussed above. A modification of Einstein’s equation was 

done by Guth, (1945) and the proposed equation was  

Gc = Gm(1 + 1.25Vf + 14.1 (Vf)
2
)  (5.4) 

 

Generally rigid fillers decrease the damping as expressed by mechanical loss factor (tan δ) to 

an extent predicted by a rule of mixture (Nielsen and Landal, 1994) 

tanδc =Vf  tan δf +Vm tan δm   (5.5) 

In the case of rigid inclusions, the first term can be ignored and the equation becomes (Drzal 

et al., 1983) 
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tanδc =Vm tan δm    (5.6) 

where, the subscripts c and m denote composite and matrix, Vm is the volume fraction of the 

matrix. This equation must have some stiffness parameter because it is assumed that the 

matrix in the presence of fillers offers a stiffness equivalent to the minimum elastic modulus 

of the composite; then above equation was modified as (Tung and Dynes, 1987) 

tanδc =Vf (Gm/Gc) tan δm   (5.7) 

where, G is the storage modulus of the material. 

The plots of theoretical storage moduli G’ values at 190
o
C for various loadings of Co-Al 

LDH by wt.% are presented in Figure 5.18. It can be observed from different model that 

Einstein model (Equation 5.2) has better agreement with experimental values while the Guth 

model (Equation 5.4) deviated the most.  

The plots of theoretical loss factor (tan δ) values of PMMA/Co-Al LDH with different 

loadings of nanoparticles are presented in Figure 5.19. It can be seen from the graph that in 

the case of low concentrations of nanoparticles, both equations agree with the experimental 

values and equation (5.6) agrees better than equation (5.7). At higher concentration both 

equations showed deviation as shown in Figure 5.19. The deviation shown by the models 

from the experimental data may be due to the fact that both equations ignore the localized 

constraints imposed by the dispersed phase on PMMA matrix deformation. Moreover, the 

nanofillers had a more significant effect on the elastic effect than the viscous behavior, 

damping factor graph confirms the fact, as seen there is significant decrease in tan δ values 

with an increase in nanoparticle content.  



   Chapter 5 

188 
 

 
 

Figure 5.18 Comparison of experimental and theoretical storage moduli values of 

PMMA/Co-Al LDH nanocomposites against loading of nanoparticles at 190 
o
C 

 

 
 

Figure 5.19 Plots of experimental and theoretical loss factor values against loading of 

Co-Al LDH nanoparticles at 190 
o
C 

 

5.3 SUMMARY 

A series of PMMA nanocomposites based on clay, Co-Al LDH and Ni-Al LDH have been 

successfully prepared using solvent blending technique. The XRD results suggested that 

intercalated morphology is observed for PMMA/clay nanocomposites while the other LDH 
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based PMMA nanocomposites exhibited exfoliated structure. The partially exfoliated 

structures of PMMA/clay, PMMA/Co-Al LDH and PMMA/Ni-Al LDH nanocomposites 

have been confirmed by TEM analysis. The FTIR and FESEM results authenticated the 

presence of nanofiller in different PMMA nanocomposites. The hardness of different PMMA 

nanocomposites was also enhanced by the incorporation of clay as it improves the 

indentation property. At 15% weight loss, the decomposition temperatures of PMMA/Ni-Al 

LDH nanocomposites are 25-28 
o
C higher than that of neat PMMA. Tmax peaks get shifted to 

the right hand side for all the PMMA nanocomposites compared to neat PMMA. This is an 

indication of better thermal stability of PMMA nanocomposites when compared with pure 

PMMA. The glass transition temperature (Tg) values of neat PMMA, PMMA/Co-Al LDH 3, 

PMMA/Co-Al LDH 5 and PMMA/Co-Al LDH 7 are 110.5, 112.6, 113.7and 114.6 
o
C, 

respectively. The water vapor transmission rate (WVTR) test was performed for various 

nanocomposites at 7 wt.% loading and found to be 73, 34.2, 46.9 and 15.2 gm/m
2
/day for 

neat PMMA, PMMA/clay, PMMA/Co-Al LDH and PMMA/Ni-Al LDH, respectively. 

Various rheological viscoelastic parameters such as storage modulus, loss modulus, damping 

factor and complex viscosity have been evaluated and the results are quite satisfactory which 

are also in accordance with the morphology of different nanocomposites. The activation 

energy of neat PMMA, PMMA/Ni-Al LDH nanocomposite samples containing 3, 5, 7 wt.% 

LDH was 99.4, 167, 167.1 and 170 kJ/mol, respectively. The thermal degradation mechanism 

of different nanocomposites was determined by Criado method. In case of PMMA/LDH 

nanocomposites, Z(α)-α experimental curve  followed F1 reaction mechanism in the entire  

range of α. The IPDT value was also noticed higher for various nanocomposites at 7 wt.% 

loading.  
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Conclusions and Scope for Future work 
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This chapter summarizes the major conclusions drawn from the research work and scope for 

further research in the near future.  

6.1 CONCLUSIONS 

 The PMMA nanocomposites with organically modified montmorillonite (MMT) and 

layered double hydroxide (LDH) have been successfully prepared by melt-

intercalation and solvent blending method. 

 The PMMA-5-G nanocomposite exhibits improved tensile strength (40%), Young’s 

modulus (87%), and flexural strength (41%) over PMMA-5 sample. It clearly 

indicates that grafting is necessary to increase the mechanical properties of PMMA 

nanocomposites. The thermal stability of PMMA nanocomposites is enhanced by 11 

o
C than that of neat PMMA when 50% weight loss is considered as a point of 

comparison.  

 As suggested by XRD analysis, the PMMA nanocomposites containing PP-g-MA, 

PE-g-MA, PS-g-MA compatibilizer demonstrate intercalated structures. However, 

PMMA-5-PS nanocomposite has partially exfoliated structure as evidenced by TEM 

analysis. The tensile modulus of PMMA-5-PP, PMMA-5-PE and PMMA-5-PS 

samples is found to be 16, 17 and 20%, higher over neat PMMA, respectively. 

Overall, PMMA-5-PS nanocomposite displays better mechanical properties over 

other compatibilized compositions. 

 Among the nanocomposites prepared by melt intercalation technique, the 

improvement in tensile strength, flexural strength and impact strength of the 

PMMA/Co-Al 1% sample over neat PMMA is found to be 24, 25 and 10%, 

respectively. Similarly, the PMMA/Cu-Cr 1% nanocomposite displays 18 and 21 
o
C 

increment for tensile and flexural strength, respectively. When 50% weight loss is 

selected as a reference point in TGA profiles, the Co-Al LDH and Cu-Cr LDH based 

PMMA nanocomposites demonstrate about 31-35 
o
C and 26-32 

o
C improvement in 

thermal stability over neat PMMA, respectively. The glass transition temperature is 

found to be enhanced by 5 
o
C for PMMA/Co-Al LDH nanocomposites. The Coats-

Redfern and IPDT methods also confirm that the activation energy and thermal 

stability of nanocomposites increase with an increase in the LDH content. On the 

whole, PMMA/Co-Al LDH nanocomposites exhibit enhanced mechanical and 

thermal properties over PMMA/Cu-Cr LDH nanocomposites. 
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 In the solvent blending method, the PMMA/clay and PMMA/Co-Al LDH 

nanocomposites demonstrate intercalated structure while the PMMA/Ni-Al LDH 

nanocomposites exhibit partially exfoliated morphology as confirmed by TEM 

analysis. The PMMA/Ni-Al LDH nanocomposites prepared by solvent blending 

method demonstrate higher thermal stability over clay and Co-Al LDH based 

nanocomposites. At 15% weight loss, the decomposition temperature of PMMA/Ni-

Al LDH nanocomposites is 25-28 
o
C higher than that of neat PMMA. The rheological 

studies suggest that storage and loss modulus increase with increasing angular 

frequency; however, the complex viscosity reduces with increasing angular 

frequency. The water vapor transmission rate (WVTR) of PMMA/clay, PMMA/Co-

Al LDH and PMMA/Ni-Al LDH nanocomposite films containing 7 wt.% filler 

content is found to be 34.2, 46.9 and 15.2 gm/m
2
/day, respectively, which is 

considerably lower than the neat PMMA (73 gm/m
2
/day). Based on the structural and 

thermal properties, PMMA/Ni-Al LDH nanocomposites demonstrate better properties 

over Co-Al LDH and clay based nanocomposites.            

 The melt-intercalation process has been widely accepted method for industrial process 

and the PMMA nanocomposite prepared with 1 wt.% Co-Al LDH loading shows 

improved properties in comparison with other compositions and neat PMMA due to 

strong interaction between the nanofiller and matrix. 

 

6.2 SCOPE FOR FUTURE WORK 

Based on the findings of this thesis work, some recommendations for future research have 

been presented as follows: 

 In order to examine the use of these materials in packaging application, oxygen 

permeability test can be performed for all the nanocomposites samples.  

 Influence of other compatibilizers such as maleic anhydride grafted ethylene 

propylene rubber (MAH-g-EPR) and ethylene-glycidyl meth acrylate (EGMA) on the 

properties of PMMA can be investigated. 

 Soil burial degradation study can be performed for PMMA nanocomposites.  

 In view of biomedical engineering application, influence of other nanomaterials such 

as graphene, polyhedral oligomeric silsesquioxane (POSS) on the properties of 

PMMA nanocomposites can be investigated.     
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AFM 2D Images of PMMA Nanocomposites 
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(i) AFM 2-D images of (a) Neat PMMA, (b) PMMA-5 and (c) PMMA-5-G 

nanocomposites 
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(ii) AFM 2-D images of (a) Neat PMMA, (b) PMMA-5-PP, (c) PMMA-5-PE  

and (d) PMMA-5-PS nanocomposites 
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(iii) AFM 2-D images of (a) PMMA/Co-Al 1%, (b) PMMA/Co-Al 3%,  

(a)  PMMA/Co-Al 5% and (d) PMMA/Co-Al 7% nanocomposites 
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(iv) AFM 2-D images of (a) PMMA/Cu-Cr 1%, (b) PMMA/Cu-Cr 3%,  

(c) PMMA/Cu-Cr 5% and (d) PMMA/Ni-Al 5% nanocomposites 
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(i) AFM 2-D images of (a) PMMA/clay 3, (b) PMMA/clay 5 and  

(c) PMMA/clay 7 nanocomposites 
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(ii) AFM 2-D images of (a) PMMA/Ni-Al 3, (b) PMMA/Ni-Al 5 and  

(c) PMMA/Ni-Al 7 nanocomposites 
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(iii) AFM 2-D images of (a) PMMA/Co-Al 3, (b) PMMA/Co-Al 5 and  

(c) PMMA/Co-Al 7 nanocomposites 
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