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Abstract 

 

Due to enhanced mechanical and thermal stability, low gas permeability and improved fire 

retardancy, the past two decades witnessed extensive investigation in polymer 

nanocomposites. Among various polymers and nanofillers, polystyrene (PS) and layered 

double hydroxide (LDH) nanomaterials are highly desired combinations as matrix and 

nanomaterials, respectively during nanocomposite fabrication. With effective rigidity, 

transparency and less moisture absorption tendency, PS is ideal polymer matrix for optical, 

packaging and electrical appliances. The poor thermal stability of the PS matrix can be 

effectively addressed by incorporating LDHs nanofiller materials in the PS matrix.  While 

alternate LDHs have numerous applications and promising features, Co-Al LDH and Ni-Al 

LDH nanofillers are highly promising for antibacterial, optical, packaging and wastewater 

treatment applications. Thereby, the central objective of the Ph.D. thesis is to fabricate Co-Al 

LDH and Ni-Al LDH based PS nanocomposites by adopting various competitive fabrication 

methods and carry out characterization studies in terms of thermal and mechanical properties.  

The Ph.D. thesis has been sequentially categorized into five major themes that have been 

arranged in Chapters 2 – 6. These are: 

a) Co-precipitation based synthesis of Co-Al LDH and Ni-Al LDH nanofillers followed 

with characterization studies. (Chapter 2) 

b) Rheological studies of PS and PS/LDH blend solutions. (Chapter 3) 

c) Solvent blending based fabrication and characterization of PS/Co-Al LDH and PS/Ni-

Al LDH nanocomposites. (Chapter 4) 

d) Melt intercalation based fabrication and characterization of PS/Co-Al LDH and PS/Ni-

Al LDH nanocomposites. (Chapter 5) 
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e) Durability studies of most competitive PS/LDH nanocomposite and PS based spur 

gears. (Chapter 6) 

Characterization studies involved X-ray diffraction (XRD), Fourier transform infrared 

spectroscopy (FTIR), Thermogravimetric analysis (TGA), Differential scanning colorimetry 

(DSC), activation energy evalution using Coats-Redfern method, integral procedural 

decomposition temperature (IPDT) evaluation, thermal degradation reaction mechanism 

evaluation, rheological measurements, storage and loss modulus and complex viscosity 

studies. 

The XRD studies of modified LDH nanofiller materials conveys that for Co-Al LDH, a 

characteristic peak corresponding to (003) plane is observed at 2θ value of 3.14° and 

corresponding basal spacing (d-spacing) of 2.8 nm. However, for the Ni-Al LDH, the basal 

spacing (d003) of (003) peak appeared at 2θ value of 6.54° is evaluated to be 1.35 nm. During 

TGA study, considering 10% mass loss as a reference, the degradation temperatures of 

modified Co-Al LDH and Ni-Al LDH have been found to be 266.4 and 430.1 °C, 

respectively. Corresponding residues obtained at 700 °C have been estimated to be 75.05 and 

83.67 wt.%, respectively. Among these investigated modified LDHs, modified Co-Al LDH 

exhibited lower residue content due to more content of modifier present in the modified Co-

Al LDH. 

Rheological studies were conducted for solvent blending method based pristine PS and 

PS/Co-Al blend solutions (3, 5 and 7 wt.% nanofiller content) at 20, 30 and 40 °C and for 

shear rates of 0.1 – 100 s
-1

. The solution rheology has been evaluated to be strongly 

influenced by shear rate, Co-Al LDH content and temperature.  As expected, the blend 

solution viscosity increased with increasing concentration of polymer and nanofiller. In 
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comparison with pristine PS solutions, the incorporation of Co-Al LDH in PS polymer 

enhanced viscosity of PS/Co-Al LDH blend solutions. Among alternate theoretical 

rheological models, based on regression coefficient and bias factor analysis, for both pristine 

PS and PS/Co-Al LDH blend solutions, measured rheological parameters fit well with 

Hershel-Bulkley and Cross model at low temperature (20 °C) and high temperature (30 and 

40 °C).  

The solvent blending based fabrication involved utilization of xylene as a solvent to achieve 

PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites with desired nanofiller loading content 

(1, 3, 5 and 7 wt.%). For the PS/LDH nanocomposites, XRD pattern suggested formation of 

exfoliated structure. However, transmission electron microscopy (TEM) images indicated 

intercalated morphology of PS nanocomposites obtained with higher LDH loading of 7 wt.%. 

FTIR spectra of the nanocomposites confirmed existence of LDH functional groups in the PS 

matrix. For all nanocomposite samples, improved thermal stability has been confirmed by 

glass transition temperature (Tg) and TGA data. For a maximum nanofiller loading of 7 wt.% 

LDH, the Tg value of Co-Al LDH and Ni-AL LDH nanocomposites increased to 74.8 and 75 

°C, respectively Tg of pristine PS is 69.3 °C. 

The TGA data indicated that for 15% weight loss reference point, PS/Co-Al LDH 

nanocomposites exhibit highest enhancement in thermal decomposition temperatures (10.5 – 

28.5 °C) in comparison with corresponding value of pristine PS. Incidentally, these values are 

12.3 – 29.1 °C for PS/Ni-Al LDH nanocomposites, thereby conveying that PS/Ni-Al LDH 

nanocomposites possessed better thermal properties than PS/Co-Al LDH nanocomposites. 

The obtained IPDT and activation energy data (obtained from Coats-Redfern method) are in 

very good agreement with the inference drawn from TGA data that inferred enhanced thermal 
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 xvi 

stability of the nanocomposites. Criado method based thermal degradation reaction 

mechanism analysis conveyed that thermal degradation occurred as per F1 reaction 

mechanism (random nucleation with one nucleus on the individual particle) at lower 

temperature followed with A4 reaction mechanism (nucleation and growth) at higher 

temperature for the PS nanocomposites. Incidentally, pristine PS followed F1 reaction 

mechanism for the entire temperature range. Melt rheological analysis of PS/LDH 

nanocomposites conveyed that storage and loss modulus increases with increasing nanofiller 

loading. The complex viscosity of pristine PS and PS nanocomposites decreased with 

increasing angular frequency. Among alternate models, Guth model provided best fitness for 

obtained melt rheology data of the nanocomposites. 

The melt intercalation based Co-Al LDH and Ni-Al LDH nanocomposites with desired 

nanofiller loading content (1, 3, 5 and 7 wt.%) indicated few similar and few dissimilar results 

in comparison with all results obtained for solvent blending based PS/LDH nanocomposites. 

Precisely, notable differences existed in the optimality of nanofiller loading for these 

nanocomposites. XRD analysis signifies exfoliated structure of LDHs in PS polymer.  

Therefore, nanocomposite fabrication method is opened to have a strong role in influencing 

nanocomposite properties. Compared to the pristine PS values, the 1 wt.% Co-Al LDH 

nanocomposite possessed maximum enhancements in mechanical properties such as tensile 

strength (32%), flexural strength (21.2%) and impact strength (19%). These values for 1 wt.% 

Ni-Al LDH are 34.5, 27.5 and 22 % respectively. The tensile strength enhancement for the 

nanocomposite is due to exfoliation of rigid LDH nanolayers in PS polymer and significant 

interfacial interactions between PS and LDH materials. The reduction in mechanical 

properties at higher loading has been due to formation of agglomerates. TEM analysis 
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conveyed that intercalated morphology existed at higher loading. On the other hand, 

investigated thermal characterization parameters conveyed that optimal nanofiller loading is 7 

wt.% for both Co-Al LDH and Ni-Al LDH nanocomposites, which is quite different from the 

optimal nanofiller loading obtained from mechanical property optimization perspective. For 

15% weight loss reference point, the 7 wt.% Co-Al LDH and Ni-Al LDH nanocomposites 

possessed enhanced degradation temperature of 384.1 and 385.4 °C, respectively, which are 

significantly higher than those obtained for pristine PS (358 °C). Similarly, DSC studies 

conveyed that, in comparison with pristine PS polymer values, Tg of 7 wt.% Co-Al LDH and 

Ni-Al LDH increased by 4.1 and 4.3 
o
C, respectively. Results obtained from Coats Redfern, 

Criado model, IDPT temperature, reaction mechanism analysis, storage modulus, loss 

modulus and complex viscosity studies have been similar to those obtained for solvent 

blending based PS/LDH nanocomposites.  

Along with pristine PS, the 1 wt.% melt intercalated Co-Al LDH and Ni-Al LDH 

nanocomposites were utilized in injection moulding equipment to fabricate spur gears for 

durability studies. Apart from XRD, TEM and FTIR studies, power absorption gear tests (1.5 

Nm torque, 800 rpm and 1 h conditions) have been carried out for the said materials. XRD 

and TEM analysis signify exfoliated structure of LDH in PS polymer for 1 wt.% LDH 

loading. The presence of various functional groups in the PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites has been conveyed by FTIR analysis. For PS nanocomposite gears, measured 

net surface temperature has improved with respect to value obtained for pristine PS gears. The 

transmission efficiency of test-steel gear pair was evaluated using measured in-line torque 

values. In comparison with pristine PS values, for 1 wt.% Co-Al LDH and 1 wt.% Ni-Al LDH 

nanocomposites, the transmission efficiency enhanced  by 1.4 and 2.6%, respectively. Tooth 
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surfaces of worn-out gears observed using digital and scanning electron microscope also 

conveyed better wear out durability of the PS nanocomposites. 

In summary, the Ph.D. thesis has been instrumental to provide additional knowledge in the 

chosen field of research.  Thereby, it is expected that the results reported in this work could 

serve as benchmark for the enhanced application of PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites.  
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Novelty Statement and Research Highlights 

 

NOVELTY STATEMENT  

- Rheological studies of PS/Co-Al LDH blend solutions 

- Mechanical, permeability, thermal and melt rheology based characterization of PS/Ni-

Al LDH and PS/Co-Al LDH nanocomposites fabricated with solvent blending and 

melt intercalation. 

- Evaluation of thermal degradation kinetics and reaction mechanism for PS/Co-Al 

LDH and PS/Ni-Al LDH nanocomposites.  

- Durability studies of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposite spur gears. 

 

RESEARCH HIGHLIGHTS 

- Xylene based PS/Co-Al LDH blend solutions possessed highest viscosity and shear 

stress profiles at highest nanofiller loading (7 wt.%). 

- Optimality of solvent blending based PS/LDH nanocomposites indicates highest 

nanofiller loading (7 wt.%) for thermal property enhancement. However, melt 

intercalation conveyed that mechanical property enhancement is maximum for low 

nanofiller loading (1 wt.%) and thermal property enhancement is maximum for 

highest nanofiller loading (7 wt.%). 

- For both solvent blending and melt intercalation PS/LDH nanocomposite processes, 

all characterizations (mechanical, permeability, thermal and durability studies) 

inferred that PS/Ni-Al LDH nanocomposites are competitive than PS/Co-Al LDH 

nanocomposites and PS polymer. 
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Chapter 1 

Introduction, Literature Review and Objectives 

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

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

for the Ph.D. thesis. Specific advantages of polymer nanocomposites with respect to 

conventional composites have been highlighted. The state-of-the-art associated with the 

preparation and characterization of polymer nanocomposites and their applications have 

been elaborately summarized. Subsequently, the literature summary has been addressed 

along with possible scope for further research. Thereafter, the chapter presents objectives 

and organization of the thesis.  

 

1.1 Introduction 

 Nanocomposite material is defined as a material made of at least two constituent 

phases, in which one is a matrix and another is reinforcing phase with significant variation in 

physical and chemical properties. Metal, ceramic or polymer materials could be the 

reinforcing materials and matrix. Usually, reinforcing materials possess lower density and 

matrix materials are ductile or tougher materials. In general, composites are designed and 

fabricated to synthesize additional aspects of the reinforced material along with the toughness 

of the matrix to achieve a material with properties that cannot be achievable with any single 

material.  

Examples of natural composite materials are bone, teeth and wood which are made up 

of two or more constituents. Bone and teeth are made up of toughened collagen matrix. With 
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a combination of flesh and bones, the entire human body is a wonderful illustration as a 

natural biological composite. On other hand, wood is made up of cellulose fibres as 

reinforcing in lignin matrix. The fundamental conception behind nanocomposites is to 

improve characteristics of matrix materials through reinforcement principle. In 

polymer/layered double hydroxide (LDH) nanocomposites, LDH layers are dispersed in 

polymer matrix to enhance thermal, mechanical, barrier properties and reduce flammability 

(Ray et al., 2002; Ray and Okamoto, 2003). 

 

1.2 History and background 

Around 1500 BC, first use of manmade composite materials were reported in the form 

of mud (matrix) and straw (reinforced material) composites being used for building strong and 

durable housing by Egyptian and Mesopotamian citizens. Also, straw reinforcement was 

existent from such time frame in composite commodities such as pottery and material for 

applications in boats. The Mongol citizens, in 1200 AD, invented the first composite for 

weapon as bows, using a combination of wood, bone and animal glue. To enhance the 

strength of bows, they were pressed and wrapped up with bark of birch tree. This composite 

bow was the most powerful arm on earth until the invention of automatic weapons (Ashby, 

1987; Johnson, 2013).  

Late 1930s witnessed the development of polymer/clay nanocomposites. In 1932, a 

researcher at Owens-Illinois invented a process for mass production of glass fibre strands. 

Owens collaborated with the corning to produce its patented glass fibre. A suitable resin for 

combining the glass fibre with a polymer matrix was developed in 1936 by Du-Pont (Johnson, 

2013).   
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In 1940s, latex system was developed and the technology for the production of highly 

dispersible organobentonite was developed by Jordan et al. (1940). Functional and silica 

modified kaolin was developed by J. M. Huber Corporation from 1960. Despite having high 

cost, these materials were applied commercially for the enhancement of mechanical properties 

of elastomers (Chaiko, 2006).    

The real revolution came in 1985, when Nylon/Montmorillonite (MMT)  

nanocomposites were first developed in Toyota Central R & D lab (Okada et al., 2006). This 

new nanocomposite concept widened the scope of polymer science in the context of novel 

applications for automotive, food packaging and electric industries. In 1989, polymer 

nanocomposite equipped passenger cars were launched. Thereafter, extensive research was 

targeted towards polymer nanocomposite in both industrial and academic sectors.  

 

1.3 Polymer selection 

Polystyrene (PS) is an important amorphous thermoplastic material. PS is a promising 

polymer matrix owing to the advantages of effective rigidity, transparency and formability 

with less moisture absorption. PS is resistant to many inorganic reagents, nonpolar solvents, 

aliphatic hydrocarbons, alkaline and acidic solutions. PS is extensively applied for packaging 

and electrical appliances. However, its application at elevated temperature is limited. One 

feasible approach that can be adopted to overcome this limitation is to improve polymer 

performance through reinforcement of nanoparticles such as clays, silica or carbon nanotubes 

into the polymer matrix. Also, LDH reinforced polymer nanocomposites exhibit enhanced 

thermal and mechanical properties.   
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Figure 1.1: Structure of PS. 

 

The structure of PS is illustrated in Figure 1.1. Compared to the PS, PS 

nanocomposites offer better properties such as higher mechanical and thermal stability, low 

gas permeability and improved fire retardancy (Hajibeygi et al., 2017; Ray and Okamoto, 

2003; Zare, 2016).  

 

1.4 Filler selection 

Usually, incorporation of inorganic fillers into organic polymer do enhance brittle 

nature of composite material. Also, inorganic filler addition with higher loading percentages 

does not enhance mechanical and other properties of the composite material due to inadequate 

dispersion of fillers throughout the polymer matrix. This limits upon amount of fillers that can 

be incorporated into polymers to enhance the characteristics of the composite materials. 

From application perspective, numerous inorganic particles are beneficial for 

incorporation into polymer/metal/ceramics matrices to achieve desired composite materials. 

Compared to the pure metal, metal matrix constituting fillers have improved high temperature 

creep characteristics and hardness. For a ceramic matrix, fillers are incorporated to enhance its 
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toughness and fracture properties. Similarly, for polymer matrix, inorganic fillers improve 

stiffness, strength, electrical and thermal properties (Garcia et al., 2004). 

Nanoscale materials are defined as substances in which at least one dimension is less 

than approximately 100 nm (nanometers). Nanomaterials are broadly classified into three 

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

The first category refers to particle having only one dimension in nanometer scale and these 

have platelet like structure. Classical examples of this category are clays and LDHs.  

The second category refers to those materials in which two dimensions are in the nm 

range and the third dimension is in the larger range. These materials possess elongated 

structure. Nanotubes and nanofibers are conventional examples of this category. The third 

category refers to materials in which all dimensions are in nanoscale. Spherical silica, 

nanocrystal, metal nanoparticle are examples in this category. The dispersion of nanoparticle 

in the polymer matrix is strongly influenced by the aspect ratio of nanoparticle (ratio of length 

and breadth) and filler-polymer phase interactions as contact surfaces.   

Besides these, in nanocomposites synthesis, the compatibility of filler and polymer is 

another important aspect that needs to be considered. The compatibility issues are usually 

targeted by organic modification of filler to enhance dispersion of filler in the polymer matrix 

through vigorous stirring.  

 

1.4.1 Layered double hydroxide 

LDH is mineral and synthetic materials with positive charged brucite type layers of 

mixed metal hydroxide (Figure 1.2). LDHs are layered crystalline materials having anionic  
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Figure 1.2: Structure of LDH. 

 

counter ions in the gallery space. In general LDH chemical formula is presented as [M
2+

1-x 

M
3+

x(OH)2]
x+

(A
m-

)x/m .yH2O, where, M
2+

 is metallic divalent cations (Ni
2+

, Mg
2+

, Zn
2+

, Cu
2+

, 

or Co
2+

), M
3+

 is a metallic trivalent cations (Al
3+

, Mn
3+

, Ga
3+

, Cr
3+

 or In
3+

), A
m-

 is anion (with 

charge m
-
) interlayer (NO3

−
, CO3

2−
, or OH

−
). Also, in the formula, X value varies in the range 

of 0.20 – 0.33 for pure phase of LDHs (Acharya et al., 2007).   

 

1.4.2 Organic modification of LDH 

Organic modification of LDHs is essential prior to its application in the polymer 

matrix for preparing polymer nanocomposites. The exfoliated or intercalated polymer 

nanocomposite preparation depends upon the compatibility of LDH with polymer. LDHs are 

hydrophilic in nature and they must be made organophillic (hydrophobic) to become 

compatible with most host polymers that are hydrophobic in nature. Therefore, without 

modification, LDH will only disperse and undergo phase separation in the polymer matrix.   
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To overcome this problem, organic ions from surfactants or intercalants are substituted 

for inorganic ions between the clay galleries. In this regard, it is important to note that higher 

charge density and longer surfactant chain length will enforce clay layers to move further 

away and provide easier access for polymer chains to penetrate within the LDH layers. 

Thereby, the nanocomposite structure undergoes exfoliation, which is a desired feature to 

enhance the properties of the nanocomposite material. 

 

1.4.3 Advantages of LDH 

 High purity LDHs with homogeneous structure, known chemical compositions, and 

desired functionalities can be synthesized in the laboratory using co-precipitation 

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

 LDHs have been widely studied and suggested materials to serve as catalysts 

(Choudary et al., 2001), catalyst precursors (Choudary et al., 2002), adsorbents (You 

et al., 2002), ion exchangers (Kozai et al., 2002), electrode modifiers (Qiu and 

Villemure, 1997), optical materials (Takagi et al., 1993), precursors for preparing CO2 

adsorbents (Wang et al., 2011a), fire retardant additives (Nyambo et al., 2008), drug 

delivery hosts (Alcantara et al., (2010), cement additives (Plank et al., 2010) and 

nanofiller for polymer nanocomposites (Leroux and Besse, 2001) .  

 LDH containing magnesium and aluminum are biocompatible and have been used as 

an antacid and antipepsin agent.  

 Endothermic decomposition of LDHs produce metal oxide residues. This principle is 

explored to improve thermal and flame retardancy of polymers in LDH polymer 

nanocomposites. 
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 Ni-Al LDH can be used to assist bacteriophage removal in water treatment and 

filtration applications.  

 Ni-Al LDH modified electrodes have been reported to serve as biosensors (Park et al., 

2005).   

 

1.5 Alternate matrix polymers in nanocomposites 

1.5.1 Thermoplastic based nanocomposites 

Many thermoplastic based nanocomposites were prepared by reinforcing nanoparticle 

in the polymer matrices. Thermoplastic polymers used for this type of nanocomposites 

includes polybutylene, polyethylene (PE), polyamide (PA), polyacrylonitrile (PAN), 

polycarbonate (PC), polymethyl methacrylate (PMMA), polyethylene copolymer, polymethyl 

pentane, PS, polyphenylene oxide (PPO), polyvinyl chloride (PVC), polypropylene (PP), 

polyphenylenesulfide, polysulfone (PSF), etc (Chrissafis and Bikiaris, 2011).     

 

1.5.2 Thermoset based nanocomposites 

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

introducing nanoparticles into the polymer matrix. These include melamine formaldehyde and 

urea, vinylester, cyanate ester, polyester, bismalemide (BMI), polyurethane (PU), polyimide 

(PI), epoxy resin, etc (Mittal, 2008; Chrissafis and Bikiaris, 2011).  
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1.6 Polymer nanocomposite preparation methods 

Polymer nanocomposites are multiphase systems in which the dispersed nanofiller in 

the polymer matrix has atleast one dimension in the nanoscale regime. Various methods exist 

to prepare polymer nanocomposites. Among these, solvent blending, melt compounding and 

in-situ polymerization are most widely used. In these methods, the first two methods facilitate 

direct addition of polymer into LDH galleries and the third method facilitates insertion of 

monomers followed with polymerization in the galleries.  

 

1.6.1 Solvent blending method 

Solvent blending method is a two stage process. The first stage involves LDH 

exfoliation into single layers using a suitable solvent in which the polymer is soluble. Due to 

the weak forces that stack LDH layers, relevant solvent addition facilitates easy dispersion. 

Thereby in the second stage, the polymer addition was facilitated to the LDH solvent mixture 

which get absorbed onto the delaminated sheets. After subsequent period of processing, 

evaporation separates into a precipitate by removing the solvent. During this step, sheets 

reassemble and depending upon the extent of penetration, the sandwiched polymer would 

have either exfoliated or intercalated structure (Jamshidian et al., 2012; Du et al., 2007; 

Rahim et al., 2009). The schematic illustration of steps involved in solvent blending method is 

shown in Figure 1.3 (a).  

 

1.6.2 Melt blending method 

This method employs direct mixing of LDH inside the polymer matrix in the molten 

state or flow conditions. Under high temperature conditions, depending on the compatibility 
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between layer surface and the chosen polymer, the polymer chains spread from the molten 

mass, to the LDH galleries. Thereby, depending upon the degree of polymer penetration, the 

composite either has intercalated or delaminated structure. Due to not using organic solvents 

that pose environmental hazard issues, this technique is widely used in polymer industries 

(Wang et al., 2011b; Najafi et al., 2012; Du et al., 2007). A schematic illustration of steps 

involved in melt blending method is depicted in Figure 1.3 (b). 

 

1.6.3 In-situ polymerization method 

In-situ polymerization involves engorging of LDH in liquid monomer or monomer 

solution. This step facilitates polymer formation inside intercalated sheets. The 

polymerization is driven by heat or radiation or diffusion of a relevant organic initiator within 

the interlayer before monomer enlargement occurs. Toyota research team used the method to 

realize nylon 6 based nanocomposites from caprolactum (Wang et al., 2012; Song et al., 

2007). A schematic of the in-situ polymerization method to depict various steps is shown in 

Figure 1.3 (c). 

 

1.7 Structural classification of polymer nanocomposites 

LDHs have received significant attention as nano reinforcements in the polymer 

matrix, due to its potential in enhancing the mechanical and thermal properties of the 

polymer. The extent to which the LDHs dispersed in polymer plays a key role in the 

improvement of the before mentioned properties. 
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Figure 1.3: Schematic representation of preparation methods for polymer/LDH 

nanocomposites: (a) solvent blending method, (b) melt blending and (c) in-situ 

polymerization. 
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Figure 1.4: Phase dispersion in different types of polymer nanocomposites. 

 

The level of dispersion of layered silicates usually depends upon the (i) interaction between 

the polymer and LDHs and (ii) preparation method through which the nanocomposite is 

synthesized. Therefore, based on the variation in the interaction between the polymer and the 

LDHs, as shown in Figure 1.4, three different structures of polymer nanocomposites are 

possible. 
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platelets are randomly distributed in the polymer and diffraction peak cannot be detected by 

X-ray diffraction (XRD). This shows greater phase homogeneity than the intercalated 

nanocomposites. Usually, the LDH content of an exfoliated nanocomposite is much lower 

than intercalated nanocomposite. However, achieving exfoliation up to complete level is a 

challenging task in practical situations. Achieving exfoliated structures can lead to a profound 

enhancement in the mechanical and thermal properties of the polymer (Mittal et al., 2009; 

Morgan and Gilman, 2003).  

 

1.7.2 Intercalated structure 

Intercalated nanocomposites are formed when both matrix and reinforcing phase are 

compatible with each other so that few polymer chains penetrate between the LDH galleries. 

In this type of nanocomposite, ordered structure is preserved and diffraction peak move to left 

side (the diffraction peak shift to a lower angle (2θ
o
)) which can be detected by XRD analysis. 

Thereby, intercalation increases the basal spacing between the LDH layers (Mittal et al., 

2009; Morgan and Gilman, 2003).   

 

1.7.3 Phase separated structure 

This type of morphology occurs when the interaction between the LDH and the 

polymer is quite low. Due to this, intercalation of the polymer between the LDH layers will 

not be achieved. The microcomposite, thus resulting in such circumstances is referred to as 

phase separated composite. The properties of such phase separated composites are rather 

hardly ever enhanced or would exhibit downturn after reinforcement (Mittal et al., 2009; 

Morgan and Gilman, 2003). 
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1.8 Targeted property enhancements in polymer nanocomposites 

Typically, polymer nanocomposites constitute 1 – 10% of nanofiller on a weight basis. 

However, property enhancements would be similar to the values obtained for traditional 

composites prepared with 20 – 35% mineral or glass. Typical enhancements in nanocomposite 

properties are summarized as follows: 

 Greater thermal stability. 

 Excellent flame retardancy.  

 Enhanced electrical conductivity.  

 Enhanced mechanical properties such as strength, modulus and dimensional stability. 

 Reduced gas, water and hydrocarbon permeability. 

 Improved physical properties.  

 Lower density and similar recyclability.  

 Increased melt strength. 

 

1.9 Applications of polymer nanocomposites 

Over the past three decades, polymer composites received wide recognition in 

applications with a great percentage compared to other materials (Garces et al., 2000; Ahmadi 

et al., 2004; Kurahatti et al., 2010; Wei et al., 2011). Some of them are mentioned below. 

 The major applications of the composite materials are as structures for military 

aircrafts and commercial airlines. Similarly, they have applications in marine, sports 

goods, textile and chemical industries. 
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 Several civil constructions require polymeric composite materials due to specific 

advantages of the same. 

 With high flame retardant characterization parameter values, polymer composites can 

be used for high temperature applications (example: internal combustion engine). 

 Polymer composite materials can be used to reduce fuel loss in the fuel tank and fuel 

line in cars. 

 Various industrial applications of polymer composites have been reported. Apart from 

these, metallic sandwich panels have also been developed with polymer composites 

for structural applications. 

 Improved gas barrier characteristics have enabled usage of nanocomposites in food 

packaging industry. Examples include packaging for confectionary, cheese, boil in the 

bag foods and processed meat. Extrusion coating application with paper board is used 

in fruit juice and dairy industry. 

 Automotive and industrial applications are extensive. Mirror housing on various types 

of vehicle, engine cover and handles are few examples in this regard. 

 Nano-level incorporation of fillers strongly influence transparency and haze 

characteristics of the polymeric films. For these, additional applications exist. 

 Nanocomposites are used as impellers and blades for various applications such as 

vacuum cleaners. They are also used as cover for portable electronic equipment such 

as mobile phones. 

 LDH based nanocomposites containing magnesium and aluminum is biocompatible 

and is used as an antacid and anti-pepsin agent.  
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 LDH based nanocomposites acts as soluble inorganic vector for different genes and 

deoxyribonucleic acid (DNA) biomolecules.  

Figure 1.5 summarizes various potential applications of polymer nanocomposites (Garces 

et al., 2000; Ahmadi et al., 2004; Kurahatti et al., 2010; Wei et al., 2011). 
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Figure 1.5: Applications of polymer nanocomposites. 
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1.10 State-of-the-art summary 

The available state-of-the-art in polymer nanocomposites has been presented in four 

sub-sections namely, (a) Rheology of polymer solutions, (b) Polymer/clay nanocomposites, 

(c) Polymer/LDH nanocomposites and (d) Polymer and polymer nanocomposite gears.   

 

1.10.1 Rheology of polymer solutions 

A fundamental understanding of polymer rheology is necessary to develop relevant 

models for applicability in polymer processing operations to aid in process optimization and 

predict flow instabilities during process conditions. The available literature in this regard 

refers to rheology of polymer solutions, blends and other relevant materials.   

Using rotational viscometer, Al-Fariss and Al-Zahrani (1993) studied rheological 

behaviour of dilute aqueous polymer solutions such as pusher 700, Rohagit F600 and Flocon 

4800 CT. For the carried out experiments, the concentrations, temperature and applied shear 

rate were varied from 500 – 3000 ppm, 20 – 65 °C and 5.40 to 692.5 sec
-1

. For both 

Newtonian and non-Newtonian liquids, the authors developed a correlation to predict polymer 

solution viscosity as a function of these independent variables. With a coefficient of fitness of 

0.98 – 0.99, the developed model was evaluated to offer an average absolute error of 3.12, 

8.54, 9.65% for solutions of pusher 700, Rohagit F600 and Flocon 4800 CT, respectively.  

Silva et al. (2000) investigated rheological properties of polymer blend based on 

ethylene-octane copolymer and PP using an instrument, capillary rheometer and a rheometric 

dynamic stress rheometer. A non-Newtonian flow behaviour was observed for all 

polyethylene elastomer (PEE)/PP samples at high shear rates, and a Newtonian flow 
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behaviour at low shear rates. The rheological measurements indicated that PEE and PEE/PP 

blends possess different flow behaviour at low and high frequencies. 

Ohta et al. (1994) conducted rheological studies of highly dilute solutions of very high 

molecular weight PE for applicability in gel spinning process. With an emphasis on the shear 

flow viscosity of the solutions, the authors found that for wider shear rates of 10
-4  

to 10
3 

sec
-1

, 

such PE solutions possess shear thinning behaviour. Also, enhanced PE solution concentration 

indicated expected non-Newtonian behaviour by the system.   

For aqueous poly-vinyl alcohol (PVA) solutions, Briscoe et al. (2000) evaluated 

rheological properties as a function of several factors such as degree of polymer hydrolysis, 

temperature, pressure and electrolyte concentration. The authors concluded that the rheology 

of PVA solutions is primarily dependent on relative strength of hydrogen bonding that exists 

between polymer chains and water molecules but not inter and intra chain hydrogen bonding. 

It has been further delineated that the variation in the independent variables has brought 

forward variations in the alternate hydrogen bonding mechanisms and thereby contributes to 

variations in the rheological properties of the system.  

The flow behaviour of urethane oils that were prepared with alternate reactant ratios 

was investigated by Guner et al. (2004). Their investigations involved determination of 

polymer solution viscosities at various temperatures. The authors inferred that toluene 

diisocyanate (TDI) polymer solutions exhibited non-Newtonian behaviour and poly (1,4-

butandiol) tolylene 2,4-diisocyanate (PBTDI) terminated prepolymer solutions behaved as 

Newtonian fluid. For all cases, Erickson’s equation has been evaluated to be relevant to 

predict viscosity variation with concentration. Bingham, Power law and Casson models were 

tested for their fitness to represent measured viscosity and shear rate data. The authors finally 
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inferred that for industrial application, polymer solution prepared with higher TDI ratio is 

applicable as a formulation for high solid coating. 

Al-Fariss (1987) studied rheological behaviour of Saudi medium oils using HAKKE 

(Rotovisco model RV-12) viscometer. The author evaluated that the non-Newtonian fluid 

viscosity variation is a function of both temperature and shear rates. Power law model 

provided good fitness with respect to consistency coefficient and flow behaviour index 

determination for measured shear stress and shear rate data. 

The rheological properties of pectin, starch, xanthan, and carrageenan solutions were 

evaluated by Marcotte et al. (2001) using rotational viscometer in the temperature and shear 

rate range of 20 – 80 °C and 0 – 300 sec
-1

. For starch and pectin systems, Power law model 

was evaluated to fit well with measured shear stress and shear rate data. However, for 

carrageen and Xanthus systems, Hershel-Bulkley model was relevant to fit well for measured 

data. Also, the evaluated constants for various models indicated sensitivity of these 

parameters with respect to variations in temperature and concentration. 

 

1.10.2 Polymer/clay nanocomposites 

The vast research carried out till date in the field of polymer/clay nanocomposites 

primarily targets upon replacing inorganic cations in the interlayers of layered silicate with 

organic cations possessing alkyl chains (Krikorian et al., 2003; Mittal et al., 2009; Raquez et 

al., 2013). This step attempts to enhance affinity and bonding between layered silicate and 

polymer due to presence of organic cations possessing alkyl chain that increase distance 

between silicate interlayers. With this effect, a superior dissemination of polymeric chains 

occurs inside the galleries.   
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Adopting solution intercalation method, Paul et al. (2013) prepared PS/clay laponite 

nanocomposites. The authors evaluated upon the effect of nanoclay content (2 – 10 wt.%) on 

structural and thermal properties of the nanocomposite. The XRD studies indicated that 2 and 

5 wt.% laponite clay containing PS nanocomposites possessed a combination of both 

exfoliated and intercalated clay structures. Compared to pure PS, the nanocomposite thermal 

degradation temperature was 29 °C higher.   

Limpanart et al. (2005) used melt intercalation method to fabricate PS/organoclay 

nanocomposites. Two different kinds of organoclay (D1805 and D1820) were prepared by 

cation exchange reaction process and were used with constant nanofiller (2 wt.%) loadings. 

The d-spacing value of the D1805 and D1820 were determined using Bragg’s equation as 2.9 

nm and 3.8 nm, respectively. The d-spacing enhanced for PS/D1805 nanocomposite (from 2.9 

to 4.3 nm) and PS/D1805 nanocomposite (from 3.8 to 3.9 nm). This indicated intercalated and 

phase separated organoclay layers in the structure. The Transmission electron microscopy 

(TEM) micrographs indicated that the D1805 and D1805 were intercalated and phase 

separated in the PS matrix.  

The PS/organoclay nanocomposites were investigated by Jang and Wilkie (2005). The 

authors synthesized PS nanocomposites by adopting bulk polymerization of organoclay 

modified with dimethylbenzyl hydrogenated tallow chloride. The XRD study conveyed that 

the d-spacing of clay layer enhanced from 1.1 nm (pristine clay) to 2.1 nm for organically 

modified clay and reached upto 3.8 nm for bulk polymerized nanocomposite. Thereby, it is 

apparent that PS nanocomposite possessed intercalated morphology. Also, the peak heat 

release rate (PHRR) has been evaluated to decrease with increasing clay content (55% 

reduction in the value for 5% nanofiller loaded nanocomposite in comparison with pristine 
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PS). The thermo gravimetric analysis (TGA) results also indicated improved thermal 

degradation temperature for the PS/organoclay nanocomposite in comparison with the virgin 

PS.   

Zhang et al. (2003) incorporated organically modified clay in the PS polymer using γ-

ray irradiation technique. Four different organoclay modifiers (three reactive groups and one 

non-reactive group) were investigated by the authors. The Fourier transmission infrared 

spectroscopy (FTIR) results exhibited characteristic peaks at 1720 cm
-1

 (C=O stretching) and 

2919 cm
-1

 (C-H stretching) for all clays (MSABM, MOABM, MHABM and HABM). Both 

XRD and TEM analyses confirmed upon the presence of intercalated nanocomposite 

(PS/HABM) and exfoliated nanocomposites (PS/MSABM, PS/MOABM, PS/MHABM) 

structures in the PS nanocomposite samples. From the TGA analysis, it was confirmed that 

PS/MSABM, PS/MOABM, PS/MHABM nanocomposites samples have higher thermal 

stability than the PS/HABM nanocomposites.  

PS/organomodified montmorillonate (OMMT) nanocomposites were fabricated using 

extruder machine and melt intercalation process by Zidelkheir et al. (2006). In the processes 

the authors allowed ion exchange of algerian montmorillonite using octadecylammonium 

cation. Nanocomposite characterization was conducted using XRD, TEM, differential 

scanning calorimetery (DSC), TGA, rheology and tensile measurements. The XRD spectra 

and TEM micrographs confirmed micro structure of PS/OMMT composite with 2 wt.% 

OMMT loading. However, for higher OMMT loading, a partial intercalated structure was 

existent. In summary, nanocomposite with 5 wt.% nanofiller loading provided highest thermal 

stability. The storage modulus (G′) and loss modulus (G′′) values for the nanocomposites 
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increased with OMMT loading and indicated higher rheological and mechanical properties of 

the nanocomposites with respect to pure PS.  

Bourbigot et al. (2004) adopted bulk polymerization technique for the preparation of 

organically modified clay reinforced PS composite materials. The authors observed that the 

material thermal stability increased with increasing clay content. In comparison with the 

virgin PS, the degradation temperature enhanced by 50 °C for the nanocomposite. The kinetic 

analysis of the PS nanocomposite simulated in a cone calorimeter indicated that the PHRR is 

half of that of virgin PS. There by, the authors conveyed that clay serves as char promoter and 

reduces degradation rate due to functioning as a protective barrier in the material.   

MMT was organically modified with sodium dodecylsulfonate (a-MMT) and 

octadecylammonium (c-MMT), respectively, and reinforced in the PS matrix through melt 

compounding method (Wang et al., 2009). The incorporation of a-MMT and c-MMT in the 

PS matrix enhanced the thermal properties. At 10% weight loss, the PS/c-80MMT and PS/c-

100MMT nanocomposites demonstrated 17 °C and 11 °C, enhancement respectively in the 

thermal degradation temperature as compared to neat PS. It was observed that the addition of 

modified MMT in the blend exhibited enhanced flammability of the nanocomposites.  

Kim et al. (2003) prepared PS/OMMT nanocomposites using solvent casting method 

and chloroform solvent. XRD studies confirmed intercalation of OMMT in the PS matrix. The 

onset degradation temperature of the nanocomposite was shifted to a higher temperature due 

to the incorporation of the clay. Further, glass transition temperature (Tg) value for the 

nanocomposite increased linearly with nanofiller loading in the nanocomposite. The 

rheological measurements also confirmed increased viscosity (η) with increasing OMMT 
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loading. Also, the storage and loss moduli of PS/OMMT nanocomposites increased 

monotonically with OMMT loading for all frequencies.   

Wang and Zhang (2007) carried out investigations to evaluate upon the influence of 

commercial organophilic montmorillonite (Claytone APA) on the characterization parameters 

of in-situ polymerization based PS nanocomposites. The XRD analysis confirmed exfoliated 

and intercalated structures in the nanocomposite material. For 50% weight loss reference 

point, the thermal decomposition temperatures of PS, 1, 2 and 4 wt.% clay containing PS 

samples were evaluated as 416, 437, 440 and 444 °C, respectively. Also, G′ and G″ values 

enhanced with enhanced organoclay content in the nanocomposites.  

Uthirakumar et al. (2005a) prepared high impact polystyrene (HIPS) based MMT 

nanocomposites with 1 – 5 wt.% nanofiller loading. In-situ polymerization was adopted by the 

authors to prepare nanocomposites which were subsequently analysed for structural and 

thermal properties. XRD analysis confirmed complete disappearance of MMT layer peaks in 

the nanocomposites. TEM images exhibited well dispersion of MMT layers in the polymer 

matrix. HIPS nanocomposite synthesized with 5 wt.% MMT exhibited 18 °C enhancement in 

thermal stability with respect to pristine polymer. The Tg values for pristine PS and 5 wt.% 

MMT loaded nanocomposite were 98.8 and 101 °C, respectively. Also, clay content has been 

analyzed to significantly enhance Young’s moduli with 53% enhanced in the Young’s 

modulus for 5 wt.% HIPS/MMT-5 in comparison with the pristine polymer. 

Okamoto et al. (2000) prepared PMMA and PS nanocomposites using lipophilized 

smectic clay by in-situ free radical polymerization method. 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 
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examined by XRD and TEM analysis. The d-spacing for the solid SPN and STN obtained by 

XRD measurements were 4.20 and 1.81 nm, respectively. The XRD results conveyed 

intercalated structures for PMMA nanocomposites, 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. In the glassy region below glass transition temperature, 

compared to pristine PS, the storage modulus was 57% and 34% higher for PS/SPN and 

PMMA/STN nanocomposites.  

Using solvent co-precipitation method, Fu et al. (2006) prepared PMMA/clay 

nanocomposites that were deployed eventually for microcellular foams. The effect of 

nanoclay content on the mechanical characterization parameters of nanocomposite foams 

were focussed by the authors. PMMA nanocomposite containing 0.5 wt.% clay exhibited 

significant enhancement in mechanical properties such as elastic modulus, tensile strength, 

elongation at break, which were evaluated to increase by 24, 54 and 97% respectively with 

respect to the pristine PS. Beyond this extent of nanofiller loading, the mechanical properties 

reduced. This is possibly due to excessive agglomeration of nanoclay in the PS matrix which 

enhanced stress concentration in PMMA matrix.  

Yamagata et al. (2012) adopted solution intercalation method to prepare 

PMMA/OMMT nanocomposites. 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 value. This conveys partial exfoliation of silicate layers in the structure. The TEM 

images also exhibited that clay layers were well dispersed in the polymer matrix although 

some aggregates were also noticed. With increasing OMMT content in the nanocomposite, 
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the flexural modulus increased and reached a maximum value for 4 wt.% OMMT in the 

nanocomposite material. Similarly, toughness also enhanced for NX containing 

nanocomposites and especially for 1 and 2 wt.% OMMT loaded nanocomposites. This is due 

to stress transfer to the platelets of silicate layers and shear deformation. Thus, NX possessing 

highly hydrophobic quality has been critically reasoned to contribute towards PMMA/OMMT 

nanocomposites.    

Unnikrishnan et al. (2011) prepared melt-extrusion based organically modified 

nanoclay PMMA nanocomposites. Three different organoclay modifiers with varying 

hydrophobicity (single tallow vs. ditallow) were investigated by the authors. Both XRD and 

TEM analyses affirmed upon the existence of partially intercalated and exfoliated 

nanocomposites structures in the nanofiller reinforced PMMA matrix. For 50% weight loss 

reference point, the TGA analyses suggested that thermal stability was enhanced by 3 to 16 

°C. Compared to the pure PMMA, the activation energy improved by 23 kJ/m for 

PMMA/C30B nanocomposite sample. The reinforcement also led to the improvement in the 

tensile modulus by 36% for PMMA/3% C10A sample. However, lower tensile strength and 

impact strength were obtained for all the compositions. The order of various materials with 

respect to burning rate is as follows: PMMA/C93A > PMMA/C10A > PMMA/C30B > 

PMMA. 

Valandro et al. (2013) prepared PMMA/MMT nanocomposites by using in-situ 

polymerization with ethanol and acetonitrile as solvents. Two kinds of organomontmorillonite 

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

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

as exfoliated structures exist in the prepared nanocomposites. Also, the structural morphology 
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of the nanocomposites has been evaluated to be strongly influenced with clay loading and 

used solvent. Various nanocomposites were exposed to Ultra Violet (UV) light at 40 °C for 

photo-oxidative degradation followed by size exclusion chromatographic (SEC) analysis. 

After 15 – 20 h of irradiation, significant decrement in number average molecular weight was 

evaluated for various nanocomposite compositions. The SEC suggested that pure PMMA and 

nanocomposites underwent degradation due to random chain scissions. It was also found that 

most of the samples prepared in acetonitrile exhibited lower values of coefficient associated to 

degradation rate. However, the same value has been six times higher for pure PMMA. Also, 

nanocomposites with higher nanofiller content exhibited slower oxidation rates. 

Using surface modified clay material, Sharma and Nayak (2009) prepared melt 

intercalation based PP nanocomposites in a twin-screw extruder. The authors examined upon 

the role of clay content on the thermal and mechanical characterization parameters of the 

nanocomposites. The PP/OMMT-11 (3 wt.%) displayed an increment in the thermal 

degradation temperature with a maximum degradation temperature of 33 °C higher than that 

of the neat PP. Similarly, compared to neat PP, the PP/OMMT-11 nanocomposite indicated 

2.3 °C improvement in the Tg value. The reinforcement also led to the improvement in Tensile 

strength and Tensile modulus by 17% and 32%, respectively, as compared to neat PP.   

Goad (2011) adopted two step melt compounding process and prepared PP/clay 

nanocomposites for rheological investigations. The rheological measurements were carried 

out using ARES-rheometer in a dynamic mode at 220 °C. The incorporation of clay into the 

PP matrix enhanced storage modulus and viscosity of the nanocomposite. Due to this, the 

rheological behaviour of the nanocomposite was significantly different than that of the PP 

polymer.   
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Using dimethyldioctadecylammonium modified MMT, PP nanocomposites had been 

prepared by Mittal (2008). The authors conducted structural, mechanical and gas permeation 

studies for the prepared nanocomposites. The XRD results elucidated that all nanocomposites 

exhibited intercalated structures. Compared to the PP, the PP/OMMT nanocomposite 

possessed 33% higher tensile modulus. The nanocomposite possessed 33% lower 

permeability coefficient than the PP. These indicated good dispersion of OMMT in the PP 

matrix as well as high aspect ratio.   

Zhao et al. (2005) prepared melt compounding based PE/clay nanocomposites. The 

TEM analysis confirmed that PE/JS 5 nanocomposites have partially exfoliated 

nanocomposites. This is due to the fact that while exfoliated clay layers exist, some 

aggregates of clay layers were still existent in the PE matrix. For various samples such as pure 

PE, PE/JS 2, PE/JS 10, PE/JS 15, the onset temperatures were 428.0, 461.5, 453.5, 450.5, and 

451.0 °C, respectively and these indicate that nanocomposites have higher onset temperature 

than the PE. The maximum degradation temperature (Tmax) were 484, 492, 491, 484, and 479 

°C for pure PE, PE/JS 2, PE/JS 5, PE/JS 10, and PE/JS 15 samples, respectively. The PE/JS 2 

nanocomposite sample exhibited 54% lower peak heat release rate in comparison with pristine 

PE.   

Clay was organically modified with dimethyldialkylammonium halide and reinforced 

in the PE through melt compounding method by Gopakumar et al. (2002). The XRD analyses 

identified intercalated structure of PE nanocomposites. The crystallization temperature of 

PE/clay (5%) sample was also enhanced by 6 °C. The addition of 5 wt.% modified clay to PE 

resulted in a 9% increase in Young’s modulus over unfilled PE.   
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Organoclay modified with butyltriphenylphosphonium, were synthesized by Suin et al. 

(2014). Thereafter, the modified clay were dispersed in the PC matrix via solution blending 

approach and the effect of various loadings of modified clay on the thermal and mechanical 

properties of PC was investigated. The XRD revealed destruction of the ordered geometry of 

aluminosilicate layers in the nanocomposites. However, from direct visualization through 

TEM, a discernible amount of clay was found to be localised in PC matrix. The presence of 

modified clay in the PC matrix enhanced the Tg by 4 °C as compared to pure PC. The tensile 

strength and Young modulus of pure PC was increased by 50% and 40%, respectively, on 

incorporating 0.5 phr clay into the PC polymer. The dynamic mechanical analysis (DMA) 

revealed that the storage modulus increased in both glassy and rubbery region with an 

increase in clay loading in the nanocomposites.   

Chang et al. (2003) prepared two different organo clays such as MMT and fluorinated 

mica modified with hexadecylamine (C16-MMT and C16-mica). Thereafter, the respective 

clays were dispersed in the poly(lactic acid) (PLA) matrix via solution casting approach and 

the effect of various loadings of clays on the thermal and mechanical properties of PLA was 

investigated. Considering 2% weight loss as a reference point, it was found that the thermal 

degradation temperature of the nanocomposites (with 8 wt.% loading) shifted to lower 

temperature with a maximum offset value of 49 °C for C16-MMT and 16 °C for C16-mica. 

The enhancement in the tensile strength by 32% and 57% was obtained for C16-MMT and 

C16-mica reinforced PLA nanocomposites (4 wt.% clay), respectively. With further increase 

in loading, both nanocomposites exhibited reduced tensile properties. This is due to the 

agglomeration of clay nanoparticles that resulted in improper dispersion. For the case of 

tensile modulus, PLA/C16-mica nanocomposites exhibited three fold enhancements in 
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comparison with the PLA. The possible reasons for the same were good orientation of the 

filler in the PLA matrix and high aspect ratio of the layered mica.  

Ray et al. (2002) investigated upon the effect of variant modified MMT clay loadings 

in PLA matrix based nanocomposites that were prepared using melt extrusion method. TEM 

analysis revealed upon intercalation of silicate layers with PLA and random distribution of 

MMT clay in the PLA matrix. It was evaluated that the storage modulus increased with MMT 

loading (3 – 7 wt.%). Compared to PLA, the storage modulus of the nanocomposite was 

higher by about 33 – 140%. 

A brief summary of the available state-of-the-art in polymer/clay nanocomposites is presented 

in Table 1.1.    
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Table 1.1: Literature summary for polymer/clay nanocomposites. 

 

Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Paul et al., 

2013 

PS clay 

laponite 

cetyltrimethyl ammonium 

bromide 

solution 

intercalation 

technique 

 Exfoliated and intercalated 

structure obtained. 

 Thermal stability was enhanced by 

29 °C. 

 

Limpanart et 

al., 2005 

PS organoclay 

(D1805 and 

D1820) 

Na-bentonite melt intercalation 

method 
 Intercalated and separated structure 

obtained 

 The total weight loss of D1805 and 

D1820 organo clay in the 

temperature range of 100 – 550 °C, 

due to the surfactant are around 

24% and 46%, respectively. 

 

 

Jang and 

Wilkie, 2005 

PS organoclay dimethyl benzyl 

hydrogenated tallow 

chloride 

bulk 

polymerization 

technique 

 Intercalated structure as suggested 

by XRD. 

 PHRR was reduced for PS 

nanocomposites containing 5 wt.% 

organoclay. 

 Thermal stability found maximum 

at 5 wt.% loading. 

 

 

Zhang et al., 

2003 

 

 

 

PS clay hexadecyltrimethyl 

ammonium bromide 

(HAB) 

γ-ray irradiation 

technique 

 

 Intercalated and exfoliated 

strictures were confirmed by XRD 

and TEM. 
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Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Zidelkheir et 

al., 2006 

PS OMMT octadecylammine melt intercalative 

compounding 
 Intercalated and exfoliated 

structure was confirmed by XRD 

and TEM. 

 At 10% weight loss, thermal 

degradation temperature was 

enhanced by 4 to 16 °C. 

 Tg was enhanced by 3.3 to 4 °C. 

 

Bourbigot et 

al., 2004 

PS clay N-N-dimethyl-n-hexadecyl 

(4-vinylbenzyl) 

ammonium chloride 

bulk 

polymerization 

technique 

 Thermal stability enhanced by  

50 °C. 

Wang et al., 

2009 

PS clay i) sodium dodecylsulfonate 

ii) octadecylammonium 

melt blending 

method 
 At 10% weight loss, thermal 

degradation temperature enhanced 

by 17 °C. 

 

Kim et al., 

2003 

PS clay  solvent casting 

method 
 Intercalated structure was 

confirmed by XRD. 

 Thermal degradation temperature 

and Tg enhanced for composites. 

 The G′ and G′′ values increase as 

the content of clay increase. 

 

 

Wand and 

Zhang, 2007 

PS clay  in-situ 

polymerization 
 Intercalated and exfoliated 

structures were confirmed by XRD. 

 At 50% weight loss, thermal 

degradation temperature enhanced 

by 28 °C. 
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Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Uthirakumar 

et al., 2005a 

HIPS clay ABTBA in-situ 

polymerization 
 Exfoliated structure obtained as 

suggested by TEM. 

 Thermal degradation temperature 

was enhanced by 18 °C. 

 Tg was enhanced by 2.6 °C. 

 Young modulus was increased by 

53%. 

Okamoto et 

al., 2000 

PMMA 

and PS 

smectic clay oligo-(oxypropylene)-, 

diethyl-, methyl-

ammonium chloride (SPN) 

and methyl-trioctil-

ammonium chloride (STN) 

free radical 

polymerization 
 Intercalated structure obtained as 

suggested by XRD and TEM. 

 G′ was enhanced for PMMA (34%) 

and PS (57%) based composites. 

 

Fu et al., 

2006 

PMMA clay  solvent co-

precipitation 

method 

 Elastic modulus, tensile strength, 

elongation at break increased by 

24%, 54% and 97%, respectively. 

 

Yamagata et 

al., 2012 

PMMA OMMT quaternary 

alkylammonium ions 

solution 

intercalation 

method 

 Partially exfoliated structure 

obtained. 

 Flexural modulus was found to be 

maximum at 4 wt.%. 

Unnikrishnan 

et al., 2011 

PMMA Cloisite 

30B, 

Cloisite 

10A 

and Cloisite 

93A 

methyl tallow bis-2 

hydroxyethyl quaternary 

ammonium salt 

melt 

intercalation 
 Partially exfoliated structure 

obtained by TEM.  

 Tensile modulus was enhanced by 

36% for PMMA/C10A composite.  

 At 20% weight loss, thermal 

stability was enhanced by 3 to     

16 °C.   
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Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Valandro et 

al., 2013 

PMMA OMMT octyltrimethylammonium 

bromide (C8) and 

hexadecyltrimethylammon

ium bromide (C16) 

in-situ 

polymerization 
 Number average molecular weight 

was significantly reduced after 15 – 

20 h, when exposed to UV light.   

Sharma and 

Nayak, 2009 

PP clay P-aminobenzoic acid melt intercalation 

method 
 Thermal stability was enhanced by 

33 °C for PP/OMMT-II (3 wt.%). 

 Maximum degradation temperature 

increased by 31 °C for PP/OMMT-

II (3 wt.%). 

 Tensile strength and tensile 

modulus enhanced by 17% and 

32%, respectively. 

 

Goad, 2011 PP clay  melt intercalation 

method 
 The storage modulus and viscosity 

are found to be increased with the 

incorporation of clay into PP. 

 

Mittal, 2008 PP clay dimethyldioctadecyl 

ammonium 

melt intercalation 

method 
 Intercalated structure obtained. 

 Tensile modulus was increased by 

33%. 

Zhao et al., 

2005 

PE clay dio-actadecyldimethyl 

ammonium chloride 

melt compounding 

method 
 Partially exfoliated morphology 

obtained. 

 Thermal degradation temperature 

was improved by 23 °C for PE/JS 

15 nanocomposites. 

 Tmax improved by 8 °C for PE/JS 2 

nanocomposites. 

 The PHRR of the PE/JS 2 

nanocomposite was reduced by 

54%. 
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Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Gopakumar 

et al., 2002 

PE clay dimethyldialkyl-

ammonium halide 

melt compounding 

method 
 Intercalated structure was 

confirmed by XRD. 

 Crystallization temperature 

enhanced by 6 °C. 

 Young modulus was increased by 

9%. 

 

Suin et al., 

2014 

PC clay butyltriphenyl-

phosphonium 

solution blending  Exfoliated structure was confirmed 

by XRD and TEM. 

 Tg enhanced by 4 °C. 

 The Tensile and Young modulus 

enhanced by 50% and 40%, 

respectively. 

 

Chang et al., 

2003 

PLA C16-MMT, 

C16-Mica 

hexadecylamine solution 

intercalation 

method 

 Initial degradation temperature 

decreased by 49 °C and 16 °C for 

PLA/C16-MMT-8 and PLA/C16-

Mica-8 composites, respectively. 

 

Ray et al., 

2002 

PLA OMMT  melt extrusion 

method 
 G′ and G′′ of the nanocomposites 

increased with increasing OMMT 

content (3 – 7 wt.%). 
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1.10.3 Polymer/LDH nanocomposites 

Using in-situ bulk polymerization method, Tai et al. (2011) reinforced Mg-Al LDH (1 

– 5 wt.%) into PS polymer matrix and evaluated their structural and thermal characteristics. 

XRD results demonstrated that exfoliated and intercalated structures were obtained for 

different nanocomposites. TGA studies conveyed that, for 10% weight loss reference point, 

the thermal degradation temperature increased by 19 – 34 °C for the nanocomposites in 

comparison with the PS polymer. Similarly, the Tg increased by 3 °C for 5 wt.% loaded Mg-

Al LDH containing PS nanocomposites in comparison with pristine PS. The LDH loading 

also reduced marginally the PHRR with increasing LDH loading content in the 

nanocomposite.   

The PS nanocomposites were prepared using Mg-Al LDH by in-situ free radical bulk 

polymerization (Botan et al., 2012). The Mg-Al LDH were modified with sodium dodecyl 

sulfate (SDS) modifier. The XRD results elucidated that all nanocomposites exhibit exfoliated 

structures. At 20% weight loss reference point, the pure PS exhibited a degradation 

temperature of 391 °C, which increased to 400, 402, 404 and 408 °C for 0.5, 1, 3 and 5% 

LDH loaded PS nanocomposites, respectively. All nanocomposites exhibited enhanced 

flammability or fire resistance property in comparison with pure PS. The PS nanocomposite 

containing 5 wt.% LDH possessed highest percentage of LDH burned 50.61% lower than the 

pure PS.   

Qiu and Qu (2006) prepared PS/LDH nanocomposites using soap-free emulsion 

polymerization (SFEP) method. XRD and TEM analyses indicated homogeneous inorganic 

LDH layer distribution in the polymer matrix. For 3 wt.% loss reference point, the PS/LDH 
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nanocomposite decomposition temperature of 329.6 °C was 53.3 °C higher than that of the 

virgin PS (276.3 °C).  

Qiu et al. (2005) fabricated exfoliated PS/Zn-Al LDH nanocomposites using solution 

intercalation method. Both XRD and TEM analysis confirmed exfoliated and intercalated 

structures for PS/Zn-Al LDH 5 and PS/Zn-Al LDH 20 nanocomposites, respectively. For 50% 

weight loss reference point, the 5 wt.% and 20 wt.% Zn-Al LDH containing nanocomposites 

possessed respectively 30 °C and 17 °C higher temperature than that of the pure PS. The 

exfoliated nanocomposites possessed higher thermal stability than intercalated 

nanocomposites.  

The role of N-lauroyl-glutamate (LG) surfactants were examined during exfoliated 

PS/Zn-Al LDH nanocomposite fabrication by Ding and Qu (2005) via emulsion 

polymerization. For the different nanocomposites, XRD and TEM analyses affirmed 

exfoliated and intercalated structures. Zn-Al LDH possessing samples confirmed LG presence 

by indicating peaks corresponding to C-H stretching vibration at 2957, 2923, 2853 cm
−1

. For 

50 wt.% loss comparison point, the decomposition temperature of exfoliated PS/Zn-Al LDH 

nanocomposite with 5 wt.% LDH was 28 °C higher than that of the pristine PS.  

Matusinovic et al. (2012) prepared Ca-Al LDH based PS nanocomposites using in-situ 

bulk polymerization method. Both XRD and TEM analysis confirmed exfoliated structure for 

PS/Ca-Al LDH 5 nanocomposites. Nanocomposite possessing highest Ca-Al LDH loading 

(10 wt.%) possessed highest thermal decomposition temperature of 434 °C, which is 10 °C 

higher than the pristine PS. The PHRR for pristine PS and PS/Ca-Al LDH nanocomposites 

containing 10 wt.% of LDH was found to be 1587 kW/m
2 

and 926 kW/m
2 
, respectively.   
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Emulsion and suspension polymerization based PS/Zn-Al LDH nanocomposites were 

prepared by Ding and Qu (2006a). Even for 10 and 20 wt.% Zn-Al LDH loadings, the 

nanocomposites possessed completely exfoliated morphology. FTIR spectra confirmed upon 

the existence of various functional groups in the nanocomposites with stretching vibration of 

sulphate of SDS found at 1218 and 1247 cm
-1

. For 50 wt.% loss comparison point, the 5 wt.% 

Zn-Al LDH nanocomposite possessed higher decomposition temperature of 411.8 °C. 

Incidentally, for pure PS, the corresponding value was 383.8 °C. The thermal degradation 

temperatures of the PS/LDH samples with 5 wt.% Zn-Al LDH loading is 28 °C higher than 

that of PS polymer.    

Ding and Qu (2006b) studied structural, thermal and mechanical properties of PP/Zn-

Al LDH and PP/MMT nanocomposites. These materials were fabricated with melt-

intercalation technique. XRD and TEM studies confirmed that PP/LDH nanocomposite 

possesses exfoliated structure with well dispersed Zn-Al LDH layers at molecular level in the 

PP polymer. The TGA and DMA analysis indicated higher thermal stability of PP/LDH 

nanocomposites in comparison with PP/MMT nanocomposites and pristine PP polymer and 

this was especially relevant in the higher temperature range. The XPS and FTIR analysis 

confirmed that the photo-oxidation mechanism of PP in the PP/LDH nanocomposite was 

significantly lower than that existent in the PP/MMT and PP samples and this confirms better 

UV stability of the former nanocomposite samples.  

The thermal degradation behaviour of PP/organically modified Co-Al LDH (PP/Co-Al 

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

nanocomposites were prepared with melt compounding process. For the samples, Friedman 

and Flynn-Waal-Ozawa methods were used by the authors to determine thermal degradation 
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activation energy values. The authors also investigated upon the role of nanofiller content (1.5 

– 6 wt.%) on the thermal properties of nanocomposites. For the nanocomposites, it was 

clearly apparent that activation energy values were higher than that of the pure PP for same 

weight loss reference points. Both methods have successfully demonstrated similar trends in 

activation energy variations with variations in conversion (α).   

Wang et al. (2012) prepared 0.5 – 16 wt.% LDH containing PP nanocomposites using 

onstep reverse micro-emulsion method. For 50 wt.% reference point, the thermal stability of 

Mg-Al-DD LDH loaded PP possessed higher temperature than the pure PP. With respect to 

nanofiller content, the 50 wt.% decomposition temperature was 336 °C for pure PS which 

eventually increased to 384 
o
C for 1 wt.% nanofiller sample and reduced to 340 °C for 16 

wt.% nanofiller sample. For 1 wt.% nanofiller sample, recrystallization and melting 

temperatures were higher than 6.7 °C and 2.5 °C, respectively than those obtained for the pure 

PP. Melt rheology studies conveyed that the nanocomposites possess reduced G′ and G′′ 

values for lower LDH loaded samples (less than 2 wt.%). This was due to increased mobility 

of confined polymer chains at the PP-LDH interface. For further increase in LDH loading 

from 2 – 16 wt.%, both storage and loss moduli increased consistently. For PP/LDH 

nanocomposites, upto 1.5 wt.% of LDH, damping factor increased with increasing LDH 

loading and eventually reduced for further enhancement in LDH loading. This was due to 

restriction in the relative motion of polymer chains that was brought forward by the LDH 

nanoparticles in the polymer matrix and making the structure stiffer than the earlier scenario. 

The complex viscosity trends followed similar trends obtained for storage and loss modulus of 

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

polymerization (Wang et al., 2006). The nanocomposite tensile modulus increased with 

increasing LDH-U loading in the sample. 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). For 50 wt.% loss as 

reference point, the thermal decomposition temperatures for PMMA nanocomposite samples 

containing 5 wt.%, of LDH was about 90 °C higher than that of pristine PMMA. The DSC 

analysis indicated 22 °C higher Tg for the same sample with respect to pristine PMMA. The 

degradation process activated energy for pristine PMMA was 160 kJ/mol which increased to 

200 – 240 kJ/mol for the disorderly exfoliated nanocomposite samples.  

Adopting exfoliation/adsorption process, Li et al. (2003) prepared PMMA/Mg-Al 

LDH nanocomposites. For 10% weight loss taken as the reference point for comparison, the 

decomposition temperature was 140 and 288.5 °C for pristine PMMA and PMMA/LDH 

nanocomposite, respectively. The temperature corresponding to the maximum rate of weight 

loss of pristine PMMA and PMMA/LDH nanocomposite were 367.2 °C and 337.2 °C, 

respectively.  

The effect of organic modification of LDH on PMMA nanocomposite properties was 

investigated by Nyambo et al. (2009). The organic treatment of LDH helped to improve 

structural, thermal and fire retardancy properties of the nanocomposite samples. TEM 

micrographs conveyed that nanocomposites formation was apparent in modified LDH, 

whereas unmodified MgAl-CO3, MgAl-NO3 and calcined LDH gave micro-composite 

structure. Unmodified Mg-Al CO3, Mg-Al NO3 and calcined LDH gave only 30% reduction 

in PHRR value of its composites. On the other hand, organic modification of MgAl-CO3 gave 

51% reduction in PHRR value of its nanocomposites. This analysis clearly indicated organic 
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modification of LDH facilitated improved fire retardant property. The TGA analysis also 

provided similar trends with higher thermal decomposition temperature value for 

PMMA/organomodified Mg-Al LDH samples in comparison with PMMA samples.  

Manzi-Nshuti et al. (2009) prepared PMMA/LDH nanocomposites using bulk 

polymerization method. LDHs investigated by the authors include calcium aluminium 

undecenoate LDH (Ca3Al LDH) and calcium iron undecenoate LDH (Ca3Fe LDH) which 

were prepared by the co-precipitation method. Exfoliated structures of the nanocomposites 

were confirmed during XRD studies. TEM studies conveyed that at lower magnification, 

PMMA/Ca3Fe LDH 5 nanocomposite structure involved agglomeration in polymer matrix. 

The higher magnification conveyed that LDHs did not exist as individual layers but as groups. 

The TEM analysis of other PMMA/Ca3Al LDH nanocomposites conveyed mixed morphology 

of both intercalated and exfoliated structures. For 50 wt.% loss reference point, in comparison 

with PMMA, the thermal decomposition temperature of PMMA/Ca3Al LDH 10 and 

PMMA/Ca3Fe LDH 10 nanocomposites were higher by 33 and 38 °C respectively. Compared 

with pure PMMA, the lowest PHRR was recorded for 10 wt.% containing PMMA/Ca3Al 

LDH and PMMA/Ca3Fe LDH nanocomposites.  

Pereira et al. (2009) prepared unsaturated polyester (UP)/LDH nanocomposites and 

evaluated thermal, mechanical and fire retardancy properties for the samples. The authors 

used various nanofillers such as Adipate-LDH (A-LDH) and 2-methyl-2-propene-1-sulfonate-

LDH (S-LDH). The intercalated structures of different nanocomposites were identified by 

XRD analysis. From physical observation, A-LDH based nanocomposite exhibited 

homogeneous distribution of nanofiller which was not the case for UP/S-LDH 

nanocomposite. Flexural strength for nanocomposites reduced in comparison with the 
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polymer sample. Compared to the unsaturated polyester, the nanocomposites exhibited a 

significant reduction in flammability by 46% and 32% for UP nanocomposites containing 1 

wt.% A-LDH and 5 wt.% S-LDH, respectively.  

Chen and Qu (2005) reported the improved thermal and mechanical properties for 

poly methyl acrylate (PMA)/Zn-Al LDH nanocomposites over pure polymer. The XRD 

results suggested that for PMA/Zn-Al LDH nanocomposites, the (001) diffraction peak of Zn-

Al LDH component appeared at 2θ=3.10
o
. This indicates that the basal spacing of OZn-Al 

LDH is expanded to 2.85 nm due to the intercalation of PMA chains into the interlayers of 

Zn-Al LDH during the in-situ polymerisation. They found that, degradation temperature of 

PMA/Zn-Al LDH nanocomposites corresponding to 10 wt.% weight loss was 342 °C, which 

was 17 °C higher than that of pure PMA (325 °C). The tensile strength of PMA/Zn-Al LDH 

nanocomposite was enhanced to 3.81 MPa, compared to the pure PMA (0.46 MPa).  

LDH modification using benzoate anions was targeted by Matusinovic et al. (2009) to 

enhance polymer matrix compatibility with LDH layers. Thereby, the authors fabricated 

poly(styrene-co-methyl methacrylate)/LDH nanocomposite (PS-PMMA/LDH-B) using in-situ 

bulk multistep polymerization. XRD analysis confirmed upon the disappearance of Ca-Al 

LDH in the nanocomposite due to disordering. However, TEM analysis conveyed partial 

dispersion of LDH-B in the polymer matrix to form a structure containing alternate matrix-

particle regions in which particles appeared to exist in a intercalated structure. For 50 wt.% 

loss being selected as a reference, the PS-PMMA nanocomposite having 7.5 wt.% LDH-B, 

displayed about 26 °C higher thermal degradation temperature than that of the PS-PMMA 

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

copolymer.   
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Pradhan et al. (2008) incorporated Mg-Al LDH modified with sodium 1-decasulfonate 

(C10H21SO3Na) into ethylene propylene dieneterpolymer (EPDM) and carboxylated nitrile 

rubber (XNBR). Both elastomers possessed widely distinct polarities and functional groups. 

The nanocomposites were compounded by internal mixer followed by compression molding 

press at 150 °C and 100 kN pressure. The XRD results demonstrated that intercalated 

structures exist in various 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 of the 

nanofiller material. It was also observed that LDH particle promoted strain-induced 

crystallization in XNBR/LDH nanocomposites. The XNBR samples (17.83 MPa) exhibited 

higher tensile strength in comparison with EPDM nanocomposites (3.25 MPa). Similarly, the 

tensile modulus and elongation were also increased.   

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

nanocomposites. The XRD analysis demonstrated that high LDH loading made the LDH layer 

difficult to exfoliate. The thermal decomposition temperature of the Nylon 6/LDH 

nanocomposites with 5 wt.% of Mg-Al LDH is 19.7 °C lower than that of nylon 6. The same 

sample indicated an enhancement in the crystallization temperature by 12 °C with respect to 

nylon 6. The PHRR values of the same sample were significantly lower than that of the nylon 

6 sample.   

Using solution intercalation method, Kuila et al. (2007) prepared Ethyl vinyl acetate 

(EVA) nanocomposites with SDS modified Mg-Al LDH. The XRD analysis conveyed that 

(003) peak corresponding to LDH shifted to lower 2θ value and this confirmed intercalated 

nanocomposite formation. However, TEM micrograph exhibited existence of partially 
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exfoliated Mg-Al LDH layers along with the stacked crystallites in the EVA matrix. The 

tensile strength and elongation at break values for the EVA nanocomposite containing 1 wt.% 

LDH increased by 42% and 5% with respect to the values obtained for the polymer.    

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

Cu
2+

 and Al
3+

 in the layers and different alkyl sulphonates in the interlayer. These were 

characterized by XRD, FTIR and TGA analysis. The LDH synthesis was achieved through 

co-precipitation using NaOH as precipitation agent. The XRD patterns were acquired for 2θ 

range of 2 – 20°. The sharp XRD peak recorded at 2θ value of 12
o
 corresponding to (003) 

plane of a hydrotalcite structure. From the width of the brucite-like, the interlayer spacing 

calculated was 0.27 nm. This indicated that carbonate anions were located parallel to the 

molecular plane of layers similar to brucite. After surfactant modification, the diffraction of 

basal planes shifted towards lower diffraction angle. This was expected with the molecular 

sizes available for the surfactants.  

A broad summary of various LDH based polymer nanocomposite investigations has 

been presented in Table 1.2.  
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Table 1.2: Literature summary for polymer/LDH nanocomposites. 

 

Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Tai et al., 

2011 

PS Mg-Al 

LDH 

SDS in-situ bulk 

polymerization 
 Exfoliated and intercalated structures 

were confirmed by XRD. 

 At 10% weight loss, thermal stability 

was improved by 19 to 34 °C. 

 Tg was enhanced by 3 °C. 

 PHRR was reduced for composites. 

 

 

Botan et al., 

2012 

PS Mg-Al 

LDH 

SDS in Situ free radical 

bulk polymerization 
 Exfoliated structure was confirmed by 

XRD. 

 At 20% weight loss, thermal stability 

was improved by 9 to 17 °C. 

 Flammability was improved by 

50.61% for PS/Mg-Al LDH 5 

nanocomposites. 

 

 

Qiu and Qu, 

2006 

PS Mg-Al 

LDH 

 soap free emulsion 

polymerization 
 Exfoliated structure was confirmed by 

XRD and TEM. 

 At 3% weight loss, thermal stability 

was improved by 53.3 °C. 

 

Qiu et al., 

2005 

PS Zn-Al LDH SDS solution intercalation 

method 
 Exfoliated and intercalated structures 

were confirmed by XRD and TEM. 

 At 50% weight loss, thermal stability 

improved by 30 °C for PS/Zn-Al LDH 

nanocomposite. 
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Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Ding and Qu, 

2005 

PS Zn-Al LDH N-lauroyl-glutamate emulsion 

polymerization 
 Exfoliated and intercalated structures 

were confirmed by XRD and TEM. 

 At 50% weight loss, thermal stability 

improved by 28 °C for PS/Zn-Al LDH 

5 nanocomposites. 

 

Matusinovic 

et al., 2012 

PS Co-Al 

LDH 

benzoate in-situ 

polymerization 
 Exfoliated and intercalated structures 

were confirmed by XRD and TEM. 

 Thermal stability was enhanced by  

10 °C. 

Ding and Qu, 

2006a 

PS Zn-Al LDH SDS emulsion and 

suspension 

polymerization 

 Exfoliated structure was confirmed by 

XRD. 

 At 50% mass loss, thermal 

decomposition temperature was 

enhanced by 28 °C. 

Ding and Qu, 

2006b 

PP Zn-Al LDH 

and MMT 

SDS melt intercalation 

technique 
 Exfoliated structure as suggested by 

XRD and TEM. 

 PP/LDH nanocomposites had better 

thermal stability over PP/MMT 

nanocomposites. 

 

Wang et al., 

2011b 

PP Co-Al 

LDH 

DBS melt compounding 

method 
 Activation energy was improved  

     with increase in Co-Al LDH content. 

 

Wang et al., 

2012 

PP Mg-Al 

LDH 

SDS micro emulsion 

polymerization 
 G′ and G′′ was increased with increase 

in Mg-Al LDH loading. 

 Loss factor was reduced with increase 

in Mg-Al LDH loading.  
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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 

method 

 Exfoliated structure.  

 Tg was improved by 22 °C.  

 Tensile modulus of 1.38 GPa and 1.80 

GPa for PMMA and PMMA 

nanocomposites, repectively. 

 

Li et al., 

2003 

PMMA Mg-Al 

LDH 

glycine exfoliation/ 

adsorption 

process 

 Exfoliated structure was confirmed by 

XRD. 

 At 5% mass loss, thermal degradation 

temperature enhanced by 9 °C.   

 

Nyambo et 

al., 2009 

PMMA MgAl-CO3 

LDH 

 

benzene phosphate melt blending 

method 
 peak heat release rate was reduced 

modified MgAl-CO3 based 

nanocomposites (51%) and   

Unmodified LDH based 

nanocomposites (30%). 

 

 

Manzi-Nshuti 

et al., 2009 

PMMA Ca3Al LDH 

and Ca3Fe 

LDH 

10-undecenoate in-situ 

polymerization 

method 

 Intercalated and exfoliated 

morphology is suggested by TEM. 

 At 10% mass loss, thermal stability of 

PMMA/Ca3Al LDH 10 and 

PMMA/Ca3Fe LDH 10 composites 

was improved by 28 and 37 °C, 

respectively. 

 

 

Pereira et al., 

2009 

unsaturated  

polyester 

(A-LDH) 

and 

(S-LDH) 

 sonication followed 

by curing 
 Intercalated structure.  

 Flammability was reduced by 46%. 
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Authors Polymer 

matrix 

Nanofiller Modifier Method of 

preparation 

Remarks 

Chen and Qu, 

2005 

Poly methyl  

acrylate  

(PMA) 

Zn-Al LDH SDS in-situ 

polymerization 

method 

 Intercalated structure.  

 Tensile strength of 0.46 MPa and 3.81 

MPa for PMA and PMA/Zn-Al LDH 

nanocomposite, respectively. 

Matusinovic 

et al., 2009 

poly(styrene- 

co-methyl  

methacrylate) 

Ca-Al LDH benzoate anions in-situ 

polymerization 

method 

 Intercalated structure as suggested by 

TEM. 

 At 50% mass loss, thermal stability 

was enhanced by 26 °C.   

Pradhan et 

al., 2008 

EPDM and   

XNBR 

Mg-Al 

LDH 

1-decasulfonate compression 

molding 
 Exfoliated and intercalated structure 

obtained.  

 Tensile strength was improved for 

XNBR (17.83 MPa) over EPDM (3.25 

MPa) nanocomposites. 

Du et al., 

2007 

Nylon 6 Mg-Al 

LDH 

SDS melt intercalation 

method 
 Exfoliated and intercalated structure 

as suggested by XRD. 

 Crystallization temperature was 

enhanced by 12 °C.  

 Thermal stability was improved by  

19 °C.   

Kuila et al., 

2007 

EVA Mg-Al 

LDH 

SDS solution intercalation 

method 
 Intercalated structure as suggested by 

XRD and TEM. 

 Tensile strength was improved by 

42%. 

Trujillano et 

al., 2006 

 Cu-Cl LDH octylsulphonate, 

octanebenzenesulphonat, 

dodecylbenzenesulphonate

andoctadecanesulphonate 

co-precipitation 

method 
  Interlayer spacing of LDH was     

increased after modification. 
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1.10.4 Polymer and polymer nanocomposite gears 

The gear tooth surface temperature significantly influences a functional gear and 

hence its life. Taburdagitan and Akkok (2006) investigated the tooth surface temperature in 

spur gear meshing due to frictional heat using coupled thermo-elastic finite element analysis 

(FEA). Based on their studies, the authors concluded that the surface temperature increases 

maximum on the spur gear teeth pair along with the pressure line at the mesh beginning. 

Thereby, profile modification at the tooth tip could reduce the surface temperature during 

initial contact.  

Two design modifications have been proposed by Kim (2006) to improve durability of 

plastic spur gears. Among these, one approach refers to insertion of series of holes at the 

intersection of base circles and tooth centreline. The other approach involves insertion of steel 

pins after making holes at the intersection of base circle and tooth centreline. The existence of 

holes reduced accumulation of heat and existence of pins reduced heat generation due to 

hysteresis. Thereby, the existence of holes and steel pins reduced surface temperature by 

about 5 – 10 °C and enhanced gear wear resistance.   

Lin and Kuang (2008) carried out studies to understand interactions between tooth 

profile wear and dynamic loads for polyoxymethylene (POM) and nylon 66 plastic gears. The 

authors used a dynamic model to incorporate effects of various parameters such as position 

variant tooth mesh stiffness, damping ratio, load sharing, tooth profile wear and temperature 

to evaluate upon the alterations in dynamic contact loads. The simulation studies conveyed 

that tooth profile variation occurring due to cumulative sliding wear significantly affected 

contact loads and as cycle proceeds further, these interactions increase gradually.    
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Senthilvelan and Gnanamoorty (2009) studied transmission efficiency of polyamide 

gears. The gear surface temperature and transmission efficiency have been evaluated to 

reduce with increasing number of cycles. Further, tooth wear and gear tooth stiffness also 

contributed to reduction in transmission efficiency.    

Karimpour et al. (2010) investigated contact behaviour of polymeric gear using 

ABAQUS (FEA) and analytical approaches and compared with BS ISO 6336 rating standard. 

From their investigations, the authors concluded that the contact path extensions that occurred 

in the beginning (premature contact) and end (extension contact) are responsible for larger 

tooth deflection. Due to this reason, lower stiffness exists for polymer gears than metallic 

gears. Also, the authors interpreted that premature contact caused pitch line tooth fractures 

and extended contact caused extreme wear.  

Kim et al. (2012) studied wear and friction performances of polyamide and glass fibre 

composites. The authors attempted to understand precisely about the orientation of reinforced 

fibres in the wear and friction performance. It was analysed that 10 - 50 wt.% addition of 

glass fibers reduced the coefficient of friction by 15 – 30% and hence the wear rate. However, 

surface temperature measurements conducted with infrared rays thermal sensor conveyed that 

the composites have enhanced temperature by 10 – 15% due to addition of glass fibers. For 

these investigations, the test conditions were specified as 100 – 900 N normal load, 23.6 cm/s 

sliding velocity and 7000 m sliding distance.  

Teisuke et al. (2001) studied wear distribution on the gear teeth on various 

combinations of injection-moulded plastic gears such as Nylon 66, Polyacetal and glass fibre 

reinforced Nylon, polyacetal, polyphenylene sulphide (PPS). From their investigations, the 

authors concluded that highest level of wear was obtained for unreinforced Nylon and glass 
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fibre reinforced polyacetal gears and the lowest wear was obtained for unfilled polyacetal 

gears.   

Wright and Kukureka (2001) experimentally proposed co-ordinate wear measurement 

techniques for polymer composite gears to evaluate upon the criticality of independent 

variable such as load, sliding speed, roll angle, and slip ratio. The authors developed a 

moderate correlation for the measurements conducted with simple test configurations such as 

dic roll/slide test and pin-on-disc configurations.  

The gear performance of injection-moulded carbon fiber reinforced polyamide 12 and 

carbon fiber reinforced polymide 6, 66 and 46 samples was investigated by Kurokawa et al. 

(2003) using power absorption test rig. Based on obtained results, the authors inferred that the 

PA12/carbon fibre (CF) gear possessed best combinations of load capability, noiseless 

property along with lowest water absorption among all polyamides.  

Using three dimensional finite element model, Hossan and Hu (2012) investigated 

stress-strain behaviour of a 20% short glass fibre reinforced Nylon 66 and unreinforced Nylon 

66 gear tooth under various dynamic loads. From the carried out studies, the authors 

concluded that the tooth root region of the gear usually experience high stress and hence are 

susceptible to maximum failure.   

The transmission efficiency of 3 and 5 wt.% nanoclay reinforced polyamide gears 

while being paired to a steel gear were investigated by Kirupasankar et al. (2012). The authors 

concluded that nanoclay addition enhanced stiffness and reduced viscous component of the 

gear material due to which the transmission efficiency of the gear was higher than that 

obtained for pristine polyamide gears.  
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Mertens and Senthilvelan (2016) developed 1 wt.% carbon nanotube containing PP 

nanocomposites using injection moulding to achieve spur gears for durability studies using in-

house developed power absorption gear test rig. The tests enabled measurements of test gears 

surface temperature and in-line torque of driver and driven shafts. Thereby, transmission 

efficiency of the test-steel gear pair was evaluated using measured torque values. The gear 

failure mode was correlated with the measured net surface temperature. Upto failure or upto 

8.6 × 10
-5

 cycles, whichever occurred first was noted during the test gears run up. In 

comparison with the gear fabricated with PP, carbon nanotube-PP gear provided lower surface 

temperature, improved service life and higher transmission efficiency.  

 

1.11 Literature summary and possible scope for further research 

The available state-of-the-art presented in the previous section reveals upon 

continuing efforts that focus upon improved thermal, mechanical and flammability properties 

of PS polymer. In this regard, the Ph.D. thesis focuses towards fabrication of PS based 

nanocomposites by incorporation of two different nanofillers.  

 

1.11.1 Synthesis of Co-Al LDH and Ni-Al LDH nanofiller materials 

The state-of-the-art summary presented in the previous section indicates that Mg-Al 

LDH nanofiller was targeted by Tai et al. (2011), Botan et al. (2012), Qiu and Qu (2006), 

Wang et al. (2012), Li et al. (2003), Pradhan et al. (2008), Du et al. (2007) and Kuila et al. 

(2007). On the other hand, Qiu et al. (2005), Ding and Qu (2005), Ding and Qu (2006a), Ding 

and Qu (2006b) synthesized Zn-Al LDH. Further, Nyambo et al. (2009), Manzi-Nshuti et al. 

(2009), Matusinovic et al. (2009), Triujillano et al. (2006) prepared MgAl-CO3 LDH, Ca3Al 
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LDH, Ca-Al LDH and Cu-Cl LDH, respectively. While all LDHs are equally competitive, an 

earlier research investigation at IIT Guwahati conveyed that among all LDHs (Mg-Al, Co-Al, 

Ni-Al, Cu-Al, Cu-Fe, Cu-Al and Cu-Cr LDHs), Cu-Cr LDH, Co-Al LDH and Ni-Al LDH 

provided better thermal properties in comparison with the pristine polymer as well as other 

polymer/LDH nanocomposites (Sahu and Pugazhenthi, 2010). Among these, Cu-Cr LDH is 

not compatible for optical property investigations (due to its black colour texture).   

Therefore, among all LDHs, Co-Al LDH and Ni-Al LDH are relevant for consideration in the 

Ph.D. thesis research as ideal LDHs to fabricate polymer nanocomposites. Also, as mentioned 

previously, Co-Al LDH and Ni-Al LDH have specific applications in waste water treatment 

and antibacterial applications.  

Therefore, to better understand the functionality of Co-Al LDH and Ni-Al LDH 

nanofiller materials in polymer nanocomposites, a fundamental understanding and knowledge 

of the characterization parameters of these nanofiller materials is important. There upon, their 

specific contribution towards PS nanocomposite materials can be assessed upon. Therefore, 

the synthesis and characterization of said nano materials is needed prior to PS nanocomposite 

fabrication and characterization.  
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1.11.2 Rheological analysis of PS/Co-Al LDH blend solution  

Rheological characterization is very important to utilize polymers and polymer 

nanocomposites as materials in the operation of various process equipments. Rheological 

analysis is useful for handling, processing, mixing and transportation of said materials. With 

respect to Ni-Al LDH polymer blends and their rheological analysis, the available literature 

(Chakraborty et al. (2014)), conveys that PMMA was considered as base polymer along with 

solvent blending method.  

PS polymer is produced in huge volumes and is available at a lower price compared to 

many other polymers. PS is clear, hard, brittle thermoplastic polymer in solid glassy state. It 

offers acceptable resistance towards acids and bases. PS products such as test tubes and petri 

dishes look similar to glass made products. Further, PS is used for sample storage and 

transport as well as food grade packaging products. Considering all these, it is worthwhile to 

investigate the efficacy of PS as a matrix for PS/LDH nanocomposite fabrication. 

On the other hand, the rheological analysis of PS/Co-Al LDH nanocomposites is 

needed to enhance insights into the material properties. Also, LDH loading and temperature 

effect needs to be targeted in such experimental and theoretical investigations with shear rate 

variation as dependent variable. 

 

1.11.3 Solvent blending based PS/LDHs nanocomposites fabrication 

The solvent blending based polymer nanocomposite fabrication were targeted by Paul 

et al. (2013) (PS/clay laponite nanocomposites), Kim et al. (2003) (PS/clay nanocomposites), 

Qiu et al. (2014) (PS/Zn-Al LDH nanocomposites), Yamagata et al. (2012) (PMMA/OMMT 

nanocomposites), Kumar et al. (2014) (PMMA/OMMT nanocomposites), Suin et al. (2014) 
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(PC/clay nanocomposites), Kuila et al. (2007) (EVA/Mg-Al LDH nanocomposites). With 

respect to LDHs, only few authors targeted the same. Among these, Mg-Al LDH, Zn-Al LDH 

have been studied as effective nanofillers with respect to pristine PS polymers. However, with 

Co-Al LDH and Ni-Al LDH as important and relevant nanofiller materials, there is a need to 

evaluate the effectiveness of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites using 

solvent blending method.  

 

1.11.4 Melt intercalation based PS/LDHs nanocomposites fabrication 

The available literature referred to fewer investigations with respect to melt 

intercalation method for LDH based polymer nanocomposites fabrication and 

characterization. The available literature in this regard corresponds to those presented by 

Limpanart et al. (2005) (PS/organoclay nanocomposites), Zidelkheir et al. (2006) (PS/OMMT 

nanocomposites), Wang et al. (2009) (PS/clay nanocomposites), Unikrishnan et al. (2011) 

(PMMA/Cloisite 30 B), Sharma and Nayak (2009) (PP/clay nanocomposites), Goad (2011) 

(PP/clay nanocomposites), Mittal (2008) (PP/clay nanocomposites), Zhao et al. (2005) 

(PE/clay nanocomposites), Gopakumar et al. (2002) (PE/clay nanocomposites), Ding and Qu 

(2006b) (PP/Zn-Al LDH and PP/MMT nanocomposites), Nyambo et al. (2009) 

(PMMA/MgAl-CO3 LDH nanocomposites), Du et al. (2007) (Nylon6/Mg-Al LDH 

nanocomposites). The combination of PS and Co-Al LDH/Ni-Al LDH nanofiller have not 

been investigated so far using melt intercalation method. Considering the relevance of Co-Al 

LDH and Ni-Al LDH as important LDHs, there is a need to investigate and identify optimal 

nanofiller loading in melt intercalation based PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites.  
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1.11.5 Durability studies of polymer nanocomposite gears 

Polymeric materials have gained significant attention to serve as gears. Many researchers 

investigated the surface effect on the friction and wear performance of polymer materials 

(Barrett et al., 1992; Wieleba, 2002; Hohn et al., 2006; Tzanakis et al., 2013). Polymer 

nanocomposites have better characterization parameters than polymers in terms of durability, 

low sliding friction, etc. Several works have been carried out to understand the effect of 

reinforcements on gear performance (Kurokawa et al., 1999; Kurokawa et al., 2000a; 

Kurokawa et al., 2003; Senthilvelan and Gnanamoorthy, 2004a; Senthilvelan and 

Gnanamoorthy, 2004b; Senthilvelan and Gnanamoorthy, 2009) and directional shrinkage 

(Weale et al., 1999; Senthilvelan and Gnanamoorthy, 2006a; Hakimian and Sulong, 2012). 

However, with respect to polymer nanocomposites, durability studies are limited (Mertens 

and Senthilvelan, 2016). Given the effectiveness of nanocomposites with respect to pristine 

polymers, durability studies could further enhance their applications in industrial scenarios. 

Co-Al LDH and Ni-Al LDH are important nanofiller materials to prepare good quality PS 

nanocomposites and can serve as efficient polymeric gears with improved properties. 

However, for such application, characterization studies that target the durability of polymer 

nanocomposite needs to be investigated, which has not been addressed in the available state-

of-the-art. 
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1.12 Objective of the thesis 

Based on the lacunae in the above summarized state-of-the-art, the following major 

objectives have been identified to be of serious concern and address in the Ph.D. thesis:  

 Preparation and characterization of organomodified Co-Al LDH and Ni-Al LDH. 

 Rheological behaviour of PS/Co-Al LDH blend solution obtained through solvent 

blending routes. 

 Fabrication and characterization of PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites by solvent blending method.  

 Preparation and characterization of PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites via melt intercalation method. 

 Injection-moulded PS/Co-Al LDH and PS/Ni-Al LDH nanocomposite spur gear 

performance.  

 

1.13 Organization of the thesis 

The doctoral thesis is organized in seven chapters as follows: 

Along with a brief introduction, Chapter 1 presents a consolidated review of available state-

of-the-art, existing lacunae and possible scope for further research followed with objectives 

and organization of the thesis.  

Chapter 2 addresses synthesis and characterization of modified Co-Al LDH and Ni-Al LDH.   

The temperature dependent rheological behaviour of PS/Co-Al LDH blends has been 

addressed in Chapter 3. Relevant rheological models have also been summarized in the 

chapter to evaluate upon their fitness with the measured experimental data and identify best 

rheological model. 
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Chapter 4 addresses the fabrication and characterization of PS/Co-Al LDH and PS/Ni-Al 

LDH nanocomposites by solvent blending technique. The properties of PS/Co-Al LDH and 

PS/Ni-Al LDH nanocomposites were evaluated using XRD, TEM, FTIR, TGA, DSC 

measurements. Also, rheology and thermal degradation kinetics have been addressed.    

The development of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites using melt blending 

method have been discussed in Chapter 5. Thermal, mechanical, rheological, thermal 

degradation kinetics/mechanisms have been addressed for the said nanocomposites and the 

obtained trends have been discussed in the context of properties of PS polymer. 

The durability of gears fabricated with PS nanocomposites containing 1 wt.% Co-Al LDH or 

1 wt.% Ni-Al LDH has been addressed in Chapter 6.  

Conclusions and possible directions for future research have been summarized in Chapter 7 

of the Thesis. 
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Chapter 2 

Synthesis and Characterization of Organomodified Co-Al 

LDH and Ni-Al LDH 

This chapter presents the procedures adopted for the synthesis of modified Co-Al LDH 

and Ni-Al LDH via co-precipitation method. Thereafter, XRD and TGA have been conducted 

to carry out structural and thermal characterization of the prepared LDHs.  

 

2.1 Introduction 

 LDH can be prepared using known chemical compositions of high purity reagents. 

This is one of the excellent advantages of this material. LDHs are a class of anionic lamellar 

or hydrotalcite, which are well characterized and conventionally used as catalysts 

(Constantino and Pinnavaia, 1994), adsorbents (You et al., 2002) and matrices for biosensors 

(Choy et al., 2000). In general LDH chemical formula is presented as [M
2+

1-x 

M
3+

x(OH)2]
x+

(A
m-

)x/m .yH2O, where, M
2+

 is metallic divalent cations (Ni
2+

, Mg
2+

, Zn
2+

, or 

Cu
2+

, Co
2+

), M
3+

 is a metallic trivalent cations (Al
3+

, Mn
3+

, Ga
3+

, Cr
3+

 or In
3+

), A
m-

 is anion 

(with charge m
-
) interlayer (NO3

−
, CO3

2−
, OH

−
). Also, in the formula, x value varies in the 

range of 0.20 – 0.33 for pure phase of LDHs (Acharya et al., 2007). In the primary structure, 

pristine LDH systems have less basal spacing and there will be a stronger electrostatic 

interlayer interaction due to their higher charge density and hydrophilic property. Thereby, it 

is very difficult to penetrate polymers into layers of pristine LDH because of larger size and 

hydrophobic character of polymer. For this reason, modification of LDHs by various anionic 

species (carboxylates, sulfonates, sulfates and phosphates) containing a hydrophobic 
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aromatic/aliphatic chain is necessary, to make them as promising host for a large number of 

applications (Kuila et al., 2007). Recent progress in polymer/layered nanocomposites (PLNs) 

has been a very important mile stone achievement in the polymer technology (Costa et al., 

2008; Alansi et al., 2015; Ray and Okamoto, 2003). The PLNs have been used in various 

applications due to their superior thermal, mechanical and fire retardant properties in 

comparison with pristine polymer (Ray and Okamoto, 2003).  

The objective of this section of the thesis is to preparation of modified LDHs via co-

precipitation method. The structural and thermal properties of the prepared LDHs have been 

evaluated using different techniques.    

2.2 Experimental 

2.2.1 Materials 

Cobalt nitrate (Co(NO3)2.6H2O), aluminium nitrate (Al(NO3)3.9H2O), nickel nitrate 

(Ni(NO3)2.6H2O), xylene (C8H10), sodium hydroxide (NaOH) and sodium dodecyl sulfate 

(SDS) were procured from Merck (I) Ltd., Mumbai, India. Water used for this work was taken 

from the Millipore water system (ELIX-3).  

 

2.2.2 Preparation of modified Co-Al LDH 

Co-Al LDH was prepared using SDS through co-precipitation method by following 

the procedure described elsewhere (Du et al., 2009). The procedure for the synthesis of 

modified Co-Al LDH is diagrammatically presented in Figure 2.1.  
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Figure 2.1: Steps involved in modified Co-Al LDH preparation. 

 

 

 

Figure 2.2: Schematic representation for synthesis of modified Co-Al LDH. 

Characterization 

Pulverization to achieve powder 

Co
2+

/Al
3+

/SDS with molar 

composition (2:1:1.5) 
Millipore water (500 mL) 

 

Adjust the pH to 8.5 by adding NaOH solution 

Filtration of the precipitated solution 

Continuous stirring for 16 h at ambient conditions  

Precipitate rinsing with Millipore water 

Natural drying for 12 h 

Drying at 70 °C for 16 h 
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Initially, Cobalt nitrate, aluminium nitrate and SDS were dispersed in Millipore water (500 

mL) to form a solution containing Co
2+

/Al
3+

/SDS with a desirable molar composition 

(2:1:1.5). Under dynamic stirring condition, an aqueous solution of 2 M NaOH was further 

added drop by drop upto a solution pH of 8.5. Then, the mixture was stirred further for 16 h to 

form precipitate at ambient conditions. The thick slurry was collected on the top of the filter 

paper during the filtration of the precipitated solution. Finally, Millipore water was used to 

rinse the precipitate, in such a way that the pH of the residual filtrate becomes neutral. This 

final purified product is called LDH material, which was kept in the atmospheric condition for 

12 h and consecutively dried at 70 °C for 16 h in a hot air oven (Make: Reico, Model: 

ROV/DG).  Dried LDH was pulverized into powder form for further use. Figure 2.2 depicts 

the schematic of synthesis of modified Co-Al LDH.  

  

2.2.3 Synthesis of pristine Ni-Al LDH  

Co-precipitation method was adopted to prepare pristine Ni-Al LDH (P-Ni-Al LDH). 

In this method, firstly, the solution mixture containing nickel nitrate, aluminium nitrate and 

sodium nitrate was prepared with a 2:1:2 molar ratio, respectively. To this solution, 2 M 

NaOH solution was added under constant stirring condition to enhance the pH to 10. 

Thereafter, continuous stirring for 16 h at room temperature facilitated the formation of LDH 

precipitate. Finally, pristine LDH in powder form was achieved by filtering suspension and 

washing precipitate until filtrate reached neutral pH followed with drying at 60 °C for 16 h 

and grinding. Figure 2.3 illustrate procedural steps adopted for P-Ni-Al LDH preparation. 
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Figure 2.3: Steps involved in P-Ni-Al LDH synthesis. 

 

2.2.4 Preparation of modified Ni-Al LDH  

The prepared P-Ni-Al LDH was modified through regeneration method to obtain 

modified Ni-Al LDH. The procedure for the synthesis of modified Ni-Al LDH is depicted in 

Figure 2.4. Prior to modification with SDS, P-Ni-Al LDH powder (2.5 g) was subjected to 

calcination at 500 °C for 5 h in a box furnace (heating rate = 10 °C/min).  

 

 

P-Ni-Al LDH 

Drying at 60 °C for 16 h 

Precipitate rinsing using Millipore water  

Filtration of the precipitated solution 

Adjust the pH to 10 by adding NaOH solution 

Continuous stirring for 16 h at room temperature  
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Millipore water (500 mL) 

 

TH-1665_126107001



Chapter 2 

 

 64 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Steps involved in modified Ni-Al LDH preparation. 

 

 

Figure 2.5: Chemical transformations involved during modified Ni-Al LDH preparation. 

Characterization 

Drying at 70 °C for 16 h 

Centrifugation and wash with Millipore water 
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Addition of SDS (2.5 gm) and Millipore water 

Calcination at 500 °C for 5 h 

P-Ni-Al LDH (2.5 gm) 
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Then the calcined gray coloured powder was dispersed in 120 mL of aqueous SDS solution 

(2.5 g) and was subjected to reflux conditions for 12 h at 80 °C. Subsequently, residue was 

separated with centrifugation and washed for several cycles with Millipore water to remove 

adhered SDS. Finally, modified Ni-Al LDH was obtained after drying the residue at 70 °C. 

The dried sample was grinded to make as finer particles and used for the fabrication of PS 

nanocomposite films. Figure 2.5 shows the schematic of modification of Ni-Al LDH with 

SDS.  

 

2.3 Characterization 

2.3.1 X-ray diffraction analysis 

XRD pattern of modified Co-Al LDH and Ni-Al LDH samples were measured at room 

temperature in air using AXS D8 ADVANCE fully automatic powder X-ray diffractometer 

(Bruker). The XRD instrument was operated with Cu-Kα radiation (λ = 0.15406 nm) and Ni 

filter. The patterns were recorded for 2θ range from 2° to 50° with a scan speed of 0.02 sec
-1

. 

 

2.3.2 Fourier transforms infrared spectroscopy 

The FTIR analysis of various samples was performed using Shimadzu Fourier 

transform infrared spectroscope for the confirmation of functional peaks in modified Co-Al 

LDH and Ni-Al LDH. 
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2.3.3 Thermo gravimetric analysis 

The thermogravimetric analysis was carried out using Mettler Toledo thermo analyser 

that was operated with 10 °C/min heating rate from room temperature to 700 °C in nitrogen 

atmosphere. 

2.4 Results and discussion 

2.4.1 XRD analysis  

2.4.1.1 Modified Co-Al LDH 

XRD is a most powerful tool for characterizing the level of crystallinity of materials and 

assessments of layered structures, i.e. exfoliated and/or intercalated, as the peaks significantly 

alter with the gallery height of the LDH. Figure 2.6 shows the XRD results of Co-Al LDH in 

the 2 range of 2° – 50° with a scan speed of 0.02 sec
-1

. The d-spacing value of the Co-Al LDH 

is determined as 2.8 nm from the reflection peak (003) at 3.14°
 
(using Bragg's equation, nλ = 

2dsinθ; here, λ = 1.5406 Å and n = 1). This value signifies brucite like layer’s thickness. It is 

supposed that a larger space between Co-Al nanolayers endorses intercalation of the polymer 

molecules and also increases compatibility among modified Co-Al LDH and polymer 

molecules. This leads to easy exfoliation of the stacking Co-Al layers in the polymer matrix to 

form well dispersed polymer/LDH blends. 

TH-1665_126107001



Chapter 2 

 67 

 

Figure 2.6: XRD pattern of modified Co-Al LDH. 

2.4.1.2 P-Ni-Al LDH and modified Ni-Al LDH 

The XRD spectra (2θ range of 5 – 50°) of P-Ni-Al LDH and modified Ni-Al LDH have been 

presented in Figure 2.7. It can be seen in Figure 2.7 (a) that for the P-Ni-Al LDH, the (003) 

peak obtained at 2θ value of 11.1° corresponds to d-spacing value of 0.8 nm (evaluated using 

Bragg’s law). For the other case (Figure 2.7 (b)), the (003) peak is slightly shifted towards left 

side at 2θ value of 6.54°. This is due to the modification of pristine LDH with SDS. The 

increment in d-spacing value (d003 = 1.35 nm) for modified LDH is due to the intercalation of 

SDS in the LDH gallery spaces (see Table 2.1). Further, it corroborates an alteration in the 

hydrophilic nature of the LDH surface into organophilic nature. This helps to enhance the 

compatibility between modified LDH and PS matrix. This also leads to easy exfoliation of 

modified Ni-Al LDH stacking layers into matrix to form a better LDH dispersed PS 

nanocomposites.  
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Figure 2.7: XRD diffractogram of (a) P-Ni-Al LDH and (b) modified Ni-Al LDH 

samples. 

 

Table 2.1: XRD result summary for P-Ni-Al LDH and modified Ni-Al LDH. 

Sample (003) (006) (009) 

 2θ° d (nm) 2θ° d (nm) 2θ°  d (nm) 

P-Ni-Al LDH 11.1 0.80 22.15 0.40 35.22 0.25 

Ni-Al LDH 6.54 1.35 20.31 0.44 27.75 0.32 

 

 

2.4.2 FTIR analysis 

2.4.2.1 Modified Co-Al LDH 

The surface functional groups of the LDH were further revealed by FTIR spectrum. Figure 

2.8 illustrates the FTIR spectrum of modified Co-Al LDH. The peak obtained at 3500 cm
-1

 is 

accredited to the O-H stretching of hydroxyl group of LDH (Costa et al., 2008). A broader 
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peak at wavenumber of 1630 cm
-1

 represents to the existence of δ (H-OH) (Qiu et al., 2005). 

An intense peak is observed at 1218 cm
-1

 which is assigned as symmetric vibration of sulfate 

from dodecyl sulfate anion (Kumar et al., 2015). The peak at wavenumber of 1063 cm
-1 

is 

designated as asymmetric vibration of sulfate from dodecyl sulfate. Three prominent peaks 

attained in the region of 2848, 2920 and 2957 cm
-1

 are designated for C-H stretching vibration 

(Guo et al., 2011). Guo et al. (2011) also achieved C-H stretching vibration at these particular 

wavenumbers. The bands seen at lower frequency region signify lattice vibration modes and it 

can be attributed to M-O and M-O-M from 800 to 450 cm
-1

 (where M = Co, Al) in the LDH 

sheets (Kanan and Swamy, 1992; Mallakpour and Dinari, 2015).   

 

 

Figure 2.8: FTIR spectrum of modified Co-Al LDH. 
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2.4.2.2 P-Ni-Al LDH and modified Ni-Al LDH 

Figure 2.9 depict FTIR spectra of both P-Ni-Al LDH and modified Ni-Al LDH samples. For 

P-Ni-Al LDH (Figure 2.9 (a)), it can be noticed that a broad band appeared for a wave number 

of 3480 cm
-1

. This is due to O-H stretching vibration of interlayer water molecules (Alansi et 

al., 2015). P-Ni-Al LDH containing NO3
-
 anions have characteristic vibration bands. An 

intense broader peak at 1385 cm
-1 

affirms existence of nitrate ion. The peak obtained at 822 

cm
-1 

is designated as NO3
-
 ion. The medium sharp peak at 1632 cm

-1
 is associated to bending 

mode of interlayer water molecules i.e. δ (H-OH). The lattice vibration bands from O-M-O 

and M-O (M=Ni, Al) groups have been recorded at lower frequency around 400 – 800 cm
-1

 

(438 cm
-1

). 

 

 

Figure 2.9: FTIR spectra of (a) P-Ni-Al LDH and (b) modified Ni-Al LDH. 
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FTIR spectrum of modified Ni-Al LDH is also shown in Figure 2.9 (b). O-H stretching 

vibration of hydrogen-bonded metal hydroxide layer and lattice water have been attained at 

3528 cm
-1

. The two characteristic peaks at 2850 and 2920 cm
-1

 are designated for stretching 

vibration of CH3 and CH2 of the modifier (SDS), respectively. The two peaks at 1218 cm
-1

 

and 1063 cm
-1

 have been assigned to symmetric vibration (vS=O) and asymmetric vibration (vo 

S=O) of sulfate from dodecyl sulfate anion, respectively (Costa et al., 2008). 

 

 

 

2.4.3 TGA analysis 

2.4.3.1 Modified Co-Al LDH 

TGA analysis is primarily carried out to examine the degradation temperature as well as 

thermal stability of the polymer matrix. The TGA curve of modified Co-Al LDH is presented 

in Figure 2.10. TGA profile of modified Co-Al LDH shows a complex thermal degradation 

behavior. For modified Co-Al LDH, the mass loss before 200 °C is attributed to the loss of 

physically adsorbed and interlayer water (Alansi et al., 2015). The mass loss between 200 and 

350 °C corresponds to the decomposition of the interlayer dodecyl sulfate (Xie et al., 2001). 

The mass loss above 350 °C is attributed to the decomposition of LDH sample up to the 

formation of Co-Al oxides. 
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Figure 2.10: TGA profile of modified Co-Al LDH. 

 

2.4.3.2 P-Ni-Al LDH and modified Ni-Al LDH 

The TGA analysis provides insights with respect to thermal stability of LDHs. The thermal 

stability mainly depends on various factors such as cationic (brucite-like layer), anionic and 

crystalline nature of the LDH material. Figure 2.11 depicts the TGA curve for P-Ni-Al LDH 

and modified Ni-Al LDH. It is clearly seen that the thermal decomposition of P-Ni-Al LDH 

takes place at three different stages (Palmer et al., 2009). At low temperature (up to 200 °C), 

P-Ni-Al LDH mass loss is due to the loss of physically adsorbed and interlayer water. Loss in 

the range of 270 – 450 °C is due to dehydroxylation and nitrate anions loss. At higher 

temperature range (450 – 700 °C), thermal decomposition of mixed metal oxides occurs (Ding 

and Qu, 2005). A similar TGA profile was also reported by Alansi et al. (2015) for Mg-Al 

LDH. In the present work, 10% weight loss is obtained at the temperature of 133.4 °C for P-

Ni-Al LDH and the final residue at 700 °C is 57.8%. Thermal behaviour of the LDH is varied 
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significantly after modification with SDS (see Figure 2.11 (b)). While weight loss below 200 

°C is due to water loss from adsorbed and interlayer states, weight loss between 200 and 350 

°C is due to SDS degradation in the LDH layer (Leroux et al., 2001). At higher temperature 

(350 – 700 °C), the LDH sample degrades to yield Ni-Al oxides. The residue obtained at 700 

°C is 83.67% for the modified Ni-Al LDH. The comparative thermal properties of the P-Ni-Al 

LDH and modified Ni-Al LDH are enlisted in Table 2.2. The outcomes of the thermal 

decomposition of P-Ni-Al LDH and modified Ni-Al LDH demonstrate the extent of the 

thermal stability of prepared LDHs and are in agreement with reported values in the literature 

(Lv et al., 2009). 

  

 

Figure 2.11: TGA thermograms of (a) P-Ni-Al LDH and (b) modified Ni-Al LDH. 
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Table 2.2: Thermal characterization parameters of P-Ni-Al LDH and modified  

Ni-Al LDH. 

Sample Temperature at 10% weight 

loss (T10) °C 

Residue (wt.%) obtained 

at 700 °C 

P-Ni-Al LDH 133.4 57.8 

Ni-Al LDH 430.1 83.67 

 

 

2.5 Summary 

Modified Co-Al LDH and Ni-Al LDH was successfully synthesized using co-precipitation 

method. It is found from XRD analysis that the d-spacing value of the modified Co-Al LDH is 

determined as 2.8 nm (obtained from the reflection peak (003) at 3.14°). It has been analyzed 

that for the P-Ni-Al LDH, the basal spacing (d003) of (003) peak at 2θ value of 11.1° is 

evaluated to be 0.8 nm. Further, in the XRD pattern of modified Ni-Al LDH, a characteristic 

peak corresponding to (003) plane is observed at 2θ value of 6.54° and corresponding basal 

spacing (d-spacing) of 1.35 nm. Considering 10% mass loss as a reference, the degradation 

temperature of modified Co-Al LDH and Ni-Al LDH is found to be 266.4 and 430.1 °C, 

respectively. The residue obtained at 700 °C was evaluated to possess 70.5 wt.% and 83.67 

wt.% of original samples weight for modified Co-Al LDH and Ni-Al LDH samples, 

respectively. Among the investigated modified LDHs, modified Co-Al LDH exhibit lower 

residue content due to enhanced presence of modifier content in the modified Co-Al LDH. 
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Chapter 3 

Rheological Behaviour of PS/Co-Al LDH Blend Solution 

Obtained Through Solvent Blending Route  

This chapter addresses rheological behaviour of solvent blending method based PS/Co-Al 

LDH solutions. PS blends with variant Co-Al LDH content (3, 5 and 7 wt.% with respect to 

pristine PS) were synthesized with the said method. The rheological characterization studies 

were carried out at various temperatures (20, 30 and 40 °C) and shear rates (0.1 to 100  

sec
-1

). Rheological studies clearly depict that shear rate, solution concentration and testing 

temperature are responsible for rheological behaviour of the chosen system. For the 

considered temperature range, the PS blend solution viscosity decreases with shear rate. 

Compared to pristine PS, all PS/Co-Al LDH blends exhibit increment in their shear 

viscosity. 

 

3.1 Introduction 

In the last few decades, several researchers have performed interesting studies on the 

behavior of polymers solutions and also contributed important information on the non-

Newtonian behavior and classification of the fluids formed by these polymers (Diaz and 

Navaza, 2004). Numerous polymers have been used in various industries that includes 

pharmaceutical, textile, cosmetics and food (Sandford and Baird, 1983). In biotechnology, 

polymers are used as immobilization material for living cells due to their property to form 

gels with cations (Voilley, 1995). Due to enhanced economic prominence to polymer 

manufacture, it is essential to take note and optimize the operational and equipment design 

parameters of processes. In this regard, rheological properties are critically required during 
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required during handling, processing, transporting and mixing (Alvarez et al., 2000; Bueno 

and Cruz, 2001; Rawase et al., 1997). The experiments with polymer blends are motivating 

because, the addition of different polymers can give different characteristics. The significant 

alteration in rheological characteristics is largely due to temperature and concentration (Rao 

and Steffe, 1992). Besides the technology, complexity of producing, processing, and handling 

materials require a more extensive knowledge of their physical properties. Thus, the rheology 

is an ultimate quality control issue (Zakaria and Rahman, 1996). Rheology involves study on 

the deformation of matter due to application of force. It is most commonly applied in the 

study of liquids and liquid-like materials such as paints, polymer solutions, blood, molten 

plastics and oil well drilling mud. The rheological properties vary with the consistency index 

(K) and flow index (n) used in the Power-law model. The index, K varies radically with the 

temperature and solution concentration (Wanchoo et al., 1996). Several researchers have 

found that microscopic and mesoscopic clay particles influence rheological properties of the 

polymer nanocomposites (Solomon et al., 2001; Mitchell and Krishnamoorti, 2002).  

A polymer can drastically modify the rheological properties of the fluid. Therefore, 

selection of appropriate polymer and polymer concentration is necessary to get optimal 

performance. For example, PMMA is added to motor oil for the reduction of oil property 

dependency on the temperature (Al-Shammari et al., 2011). The viscosity of the polymer 

solution depends on a number of factors and the solution viscosity depends on the 

concentration of the dissolved polymer. Krevelen (1990) mentioned that some of these factors 

include molecules shape, molecular weight, hydrophilic nature and interaction of polymers 

with the solvents. Al-Zaharani (1990) explained that in good solvents, polymer segments 

prefer to be surrounded by solvent molecules unlike the poor solvents where the polymer 

molecules try to minimize the area of contact with the solvent molecules, which directly 
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affects its size and the viscosity of the solution. Gutierrez et al. (2014) demonstrated use of a  

quartz crystal viscometer to determine the viscosity of PS/limonene solutions in the presence  

of high pressure carbon dioxide. Matsumoto et al. (1975) measured the dynamic and steady 

flow properties of disperse systems of styrene-divinylbenzene copolymer particles in a PS 

solution over wide ranges of frequency, shear rate, and strain amplitude. Their system showed 

Newtonian behavior at extremely low rates of shear, which results approximately constant 

apparent viscosity.    

Ohta et al. (1994) studied rheological behavior of PE for its utilization in the gel 

spinning technology. The authors primarily investigated on the shear flow viscosity of these 

solutions and found that such PE solutions exhibit a shear thinning behavior ranging a shear 

rate of 10
-4

 to 10
3
 sec

-1
. Moreover, non-Newtonian behavior was more apparent with 

increasing PE content in their solutions. Briscoe et al. (2000) concluded upon the influence of 

hydrogen bonding on the rheological behaviour of PVA solutions. Their work revealed that 

the rheological behavior primarily depends on the relative strength of H2 bonding present 

among the polymer chains along with water molecules. Perez et al. (2005) studied rheology of 

metallocene linear low density polyethylene (m-LLDPE) with linear density polyethylene 

(LDPE), and they used extrusion rheometry to analyze miscibility effect on practical 

rheology. Al-Fariss et al. (1988) studied viscosity behavior of three types of Saudi Arabian 

crude oils as a function of shear rate at certain temperatures. The modified correlation 

proposed in this study has been found to fit well with the experimental data for crude oils as 

well as the polymer. Kundu and Kundu (2001) demonstrated that the gelation depends on the 

wt.% ratio of methyl cellulose and surfactants which were present in the solution. Costa et al. 

(2006a) examined linear viscoelastic characteristics of Mg-Al LDH nanocomposites with 
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LDPE and HDPE and also studied upon the effect of LDH loading in the temperature range of 

180 – 260 °C.  

In this chapter of the thesis, studies conducted on the rheological behavior of PS/Co-

Al LDH blend solutions at various temperatures using rotational rheometer with parallel plate 

geometry have been presented. The obtained experimental results were evaluated for their 

fitness with various rheological models such as Power law, Herschel-Bulkley, Carreau, Sisko, 

Casson and Cross model. Shear stress and viscosity were determined as a function of shear 

rate. Depending on the combination of regression co-efficient, bias factor and standard error 

values, the best rheological model in this study has been identified.  

 

3.2 Experimental 

3.2.1 Materials 

PS was procured from National Chemicals Ltd., Gujarat India. All other materials were same 

as those discussed in section 2.2.1. 

 

3.2.2 Preparation of modified Co-Al LDH 

Section 2.2.2 summarizes synthesis procedure for modified Co-Al LDH material.  

 

3.2.3 Synthesis of PS/Co-Al LDH blend solution 

PS/Co-Al LDH blend was prepared in xylene (Table 3.1). Prior to synthesis, PS and 

modified Co-Al LDH were dried for 12 h at 60 and 70 °C, respectively in a hot air oven to  
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Table 3.1: Nomenclature and sample composition for various PS/Co-Al LDH blend 

solutions. 

Sample 

Name 

LDH loading 

(wt.%) 

LDH 

(g) 

Solvent 

(mL) 

PS 

(g) 

PS 0 0 109 5 

PSCL 3 3 0.15 109 4.85 

PSCL 5 5 0.25 109 4.75 

PSCL 7 7 0.35 109 4.65 

 

 

remove the adsorbed moisture content. Firstly, a required amount of LDH was added in 109 

mL of xylene and continuously allowed to stir for 24 h. Further, calculated quantity of PS was 

added in the prepared LDH solution and again allowed to stir for 12 h at atmospheric 

conditions. The pristine PS solution was synthesized by following the similar process in the 

absence of Co-Al LDH. The resultant PS and PS/Co-Al LDH blend solution was taken 

immediately for rheological analysis. The prepared solution have been designated as pristine 

PS, PSCL 3, PSCL 5 and PSCL 7 for polystyrene, PS/Co-Al LDH (3 wt.%), PS/Co-Al LDH 

(5 wt.%) and PS/Co-Al LDH 7 (wt.%), respectively. 

 

3.3 Characterization 

Rheological measurements were conducted on a rotational rheometer, Physica MCR 

301 (Anton Paar), by parallel plate geometry with 50 mm of radius. The parallel plate 

rheometer comprises two parallel with circular plates, in which one of them is stationary, and 

the other one rotates. Rheological studies were carried out in the shear rate ranging between 
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0.1 sec
-1

 and 100 sec
-1

. Fresh samples were used for each measurement at temperatures of 20, 

30 and 40 °C. 

 

3.4 Rheological models 

Majority of polymer solutions are non-Newtonian i.e., the viscosity of the polymer 

mixture and solution varies with factors besides shear rate. Mostly polymeric solutions are 

shear thinning in nature or the viscosity of the polymer solution and blends decrease with 

increasing shear rate. This can be elaborated by the arrangement of polymeric chain on 

applying a shear force. At a higher shear rate, viscosity decreases because of easier flow of 

molecules owing to alignment of the polymer molecules. Various mathematical models have 

been used to explain the shear rate versus shear stress of non-Newtonian fluids.  

Power law (Reiner, 1926) and Bingham plastic model are the most common two 

parameter models. The power law model is stated as: 

τ = K γ
n
       (3.1a) 

η= K. γ
n-1

       (3.1b) 

where, γ is the shear rate, τ is the shear stress, η is the apparent viscosity, K is the consistency 

index,  and n is the power law parameter or flow behavior index. For a Newtonian fluid n is 

equal to 1, for shear thickening fluid, n is more than 1 and  for shear thinning fluid,  n is less 

than 1. 

Herschel–Bulkley model is expressed as (Herschel and Bulkley (1926)): 

τ = τ o + K γ
n 

         (3.2) 

Bingham plastic model is expressed as (Bingham (1922)): 
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τ = τ o + γ.μp          (3.3) 

were, τo is the yield stress and μp is the plastic viscosity. There are numerous models that 

include three or more parameters. Third parameter helps to describe the flow of fluid in the 

upper and lower Newtonian region as well as in the power law region.  

Sisko model is a three parameter model (Sisko, 1958). It is used to articulate the flow 

behavior in Power law region and upper Newtonian region. 

η = η∞ + Kγ
n-1

         (3.4) 

Casson model is also used to express the non-Newtonian behavior (Casson, 1989) 

τ = τ o
1/2

 + η∞ γ
1/2

         (3.5) 

where, ŋα is the viscosity at infinite shear stress.  

Both Cross and Carreau models are used to express the flow characteristics of polymer 

solution, blood flow, activated sludge and food. They are four parameter models. 

Cross model is expresses as (Cross, 1965):  

η = η∞ + [(ηo - η∞) / (1+ (C × γ)
 m 

)]         (3.6) 

where, C, m,  ŋo and  ŋα are time constant, dimensionless exponent, initial viscosity (measured 

at zero shear rate) and final viscosity (measured at infinite shear rate), respectively. 

Carreau model is expressed as (Carreau et al., 1968):  

η = η∞ + [(ηo-η∞) × (1+ (λ × γ) 
2 

) 
(n-1)/2

)]         (3.7)        

In the above expression, viscosity at infinite/final shear rate and viscosity at initial/zero shear 

rate are denoted as ŋα and ŋo, respectively. λ is the relaxation time. n is the gauge of shear 

thinning properties. 
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The standard error (SE) formula is used to fit the model with the experimental data (Nindo et 

al., 2007) 

SE= ( ∑(ym - yc)
2 

/ (n-1))
1/2

            (3.8) 

where, calculated value is denoted as yc, measured value is as ym at each data point and 

number of data point as n. Bias factor gives us additional information about variance of 

measured from calculated values. Bias factor (Bf) of 1 signifies that measured values coincide 

with calculated values.  

The Bf is described as follows (Betts and Walker, 2004): 

Bf = 10
[ ∑ log (y

c 
/ y

m
) / n) ]

              (3.9) 

The parity plot (measured vs. calculated viscosity graph) and standard error/bias factor values 

need to be consistent with one another.  

 

3.5 Results and discussion 

3.5.1 Effect of modified Co-Al LDH 

The polymer solution viscosity mainly relies on various factors that include molecular 

weight, molecular shape and polymer molecules interaction with the solvents. Furthermore, 

the viscosity of solution depends on the dissolved polymer concentration. The prepared PS 

and PS/Co-Al LDH blend solutions were considered to examine the effect of Co-Al LDH 

content at various temperatures on the shear stress and viscosity by changing the shear rate. 

The influence of LDH content on shear stress versus shear rate for pristine PS and PS/LDH 

solution is illustrated in Figures 3.1 – 3.3. The trends obtained from the rheological analysis 
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convey that at low shear rate (0.1 – 10 sec
-1

 and 0.1 – 20 sec
-1 

for PS and PS/Co-Al LDH 

blend solutions, respectively) the viscosity of PS and PS/Co-Al LDH blend solutions rapidly 

decrease with increasing shear rate (see Figures 3.1 – 3.3). At higher shear rates ranging 

between 30 and 100 sec
-1

, the viscosity remains almost constant. The trends in rheological 

analysis demonstrate that the investigated pristine PS and PS/LDH solutions behave in a non-

Newtonian manner (revealed with a reduction in solution viscosity with increasing shear rate 

as in Figures 3.1 – 3.3). It is also observed that as the content of LDH increases, solution 

viscosity also increases due to the increased LDH particle interaction with PS matrix and 

subsequent difficulty for flow. When the content of Co-Al LDH increases, the viscosity of PS 

solution also increases due to enhancement in intermolecular association. Most theories 

related to viscosity of polymer solutions are formulated around dilute solutions but, for real  

polymer solutions, viscosity prediction are often more complex than those predicted with 

simple theories.  

 

3.5.2 Effect of temperature 

Similar to the procedures associated to studies conducted to evaluate upon the effect of 

modified Co-Al LDH concentration, the prepared PS/Co-Al LDH blend and PS solutions 

were investigated to evaluate the effect of temperature (20, 30, 40 °C) on the shear stress and 

viscosity. To do so, shear rate has been varied in the carried out investigations. As presented 

in Figures (3.4 – 3.7), an increase in temperature reduces dispersion shear stress. This 

observation is similar to the data of Graziano et al. (1979) and had been explained either due 

to reduction in the interactive forces or disappearance of the water bridges due to evaporation.  
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Figure 3.1(a-f): Model fitness plots of PS and PS/Co-Al LDH blend solution rheological 

data measured at 20 °C. 
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Figure 3.2 (a-f): Model fitness plots of PS and PS/Co-Al LDH blend solution rheological 

data measured at 30 °C. 
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Figure 3.3 (a-f): Model fitness plots of PS and PS/Co-Al LDH blend solution rheological 

measured data at 40 °C. 
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Figure 3.4 (a-f): Model fitness plots of pristine PS solution rheological data measured at 

various temperatures. 
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Figure 3.5 (a-f): Model fitness plots of PSCL 3 solution rheological data measured at 

various temperatures. 
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Figure 3.6 (a-f): Model fitness plots of PSCL 5 blend solution rheological data measured 

at various temperatures. 
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Figure 3.7 (a-f): Model fitness plots of PSCL 7 blend solution rheological data measured 

at various temperatures. 
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According to the traditional concepts used in establishing time rate temperature 

reduced variables (Graziano et al., 1979), an increase in temperature corresponds to a shift to 

lower effective shear rates. This is consistent with the trend shown in figures, as far as the 

shapes of the curves are concerned. The level of the curves decreases at higher temperatures, 

indicating that a different generalized Ostwald curve must be considered at each temperature 

for any given material. While the modified Co-Al LDH content increases, the polymer blend 

solution viscosity also increases. Similarly, at higher loading (> 7 wt.% LDH), the polymer 

solution flow decreases regardless of its temperature. As seen from the figures, there is a jump 

in viscosity as the concentration was increased for all temperatures. 

 

3.5.3 Rheological models 

Models described earlier have been used to fit experimental data obtained from the 

rheological study of pristine PS and PS/Co-Al LDH blend solutions at three different 

temperatures. In this investigation, we have taken ηo, η∞ as known quantity by considering 

them as viscosity at initial and final shear rate, respectively. The calculated parameters for all 

models are listed in Table 3.2. The regression coefficient (R
2
) values of the estimated τ, ŋ 

indicate that the Herschel-Buckley, Power law and Casson model are the best fit among all 

the models followed by Cross model. Other models, Carreau and Sisko predictions are not 

good as per n value. Analysis of Figures 3.8 – 3.11 give us more information about best fitted 

models. Models such as Power law and Casson model (R
2
 nearby 1) are deviating from the 

line of equivalence (45° line). To justify our analysis, Bias factor and standard error values are 

calculated as presented in Table 3.3. Figures (3.8 – 3.11)
 
obtained for different rheological 

model with respect to each solution convey whether the model predicted data is under 
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predicted or over predicted. Bias factor, Bf >1 signifies over prediction; Bf < 1 signifies under 

prediction and Bf = 1 means perfect model fitting with the experimental data. As illustrated in 

Figures 3.8 – 3.11, the pristine PS solution closely followed the trend given by Herschel-

Bulkley model at temperature of 20 °C and Cross model best fits with measured data of 30 

and 40 °C. Consequently, for the PS with variant concentration of modified Co-Al LDH, low 

temperature (20 °C) and high temperature (30 and 40 °C) data fit well with Herschel-Buckley 

and Cross model, respectively. Bf analysis demonstrates that the Herschel-Bulkley and Cross 

model fit data are under predicting the measured value. Two models were suggested to relate 

the apparent viscosity to modified Co-Al LDH content, shear rate and temperature, which 

evidently affect the flow properties of the PS solution. The viscosity of the PS enhances with 

an increase in modified Co-Al LDH content and decreases with increasing temperature and 

shear rate.  

Table 3.2: Linear regression model parameters for rheological behaviour of PS/Co-Al 

LDH blend solutions. 

Model 
LDH loading 

(wt.%) 

Temperature 

(°C) 
Parameters R

2
 

   K n  

 

0 

20 0.0056 0.9891 0.9999 

 30 0.0050 0.9928 0.9998 

 40 0.0042 1.0098 0.9999 

 

 

3 

20 0.0062 0.9905 0.9998 

 30 0.0055 0.9928 0.9998 

Power 

law 

40 0.0047 1.0098 0.9999 

 

5 

20 0.0067 0.9905 0.9998 

 30 0.0059 0.9928 0.9998 

 40 0.0051 1.0098 0.9999 

 

 

7 

20 0.0071 0.9905 0.9998 

 30 0.0063 0.9928 0.9998 

 40 0.0054 1.0098 0.9999 
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Model 
LDH loading 

(wt.%) 

Temperature 

(°C) 
Parameters R

2
 

   C m  

 

0 

20 2.1061 2.7013 0.9979 

 30 2.1222 2.5165 0.9941 

 40 2.0623 2.1430 0.9901 

 

 

3 

20 2.1065 2.6993 0.9980 

 30 2.1123 2.6213 0.9972 

Cross 40 2.0689 2.2454 0.9938 

 

 

5 

20 2.1061 2.6973 0.9980 

 30 2.1140 2.6199 0.9971 

 40 2.0620 2.2792 0.9948 

 

 

7 

20 2.1059 2.7032 0.9981 

 30 2.1130 2.6185 0.9971 

 40 2.0646 2.2655 0.9944 

 

 

  

λ 

 

n 

 

 

0 

20 1.2234 -3.5079 0.9963 

 30 1.8874 -1.5653 0.9924 

 40 2.7341 -0.5848 0.9906 

 

 

3 

20 1.2324 -3.4630 0.9963 

 30 1.5675 -2.2424 0.9955 

Carreau 40 2.3546 -0.8725 0.9933 

 

 

5 

20 2.0099 -0.6444 0.9738 

 30 1.5716 -2.2338 0.9954 

 40 2.2669 -0.9540 0.9941 

 

 

7 

20 1.2175 -3.5386 0.9964 

 30 1.5749 -2.2231 0.9954 

 40 2.3085 -0.9150 0.9938 

 
 

 K n  

 

0 

20 1.57×10
-3

 -0.6408 0.9999 

 30 4.75×10
-4

 0.6467 0.9998 

 40 4.86×10
-6

 1.6999 0.9999 

 

3 

20 0.0037 -0.2239 0.9998 

 30 0.0006 0.5623 0.9998 

Sisko 40 3.72×10
-6

 1.6436 0.9999 

 

5 

20 0.0007 0.6046 0.9998 

 30 0.0005 0.7778 0.9998 

 40 7.57×10
-6

 1.6477 0.9999 

 
7 

20 0.0007 0.6725 0.9998 

 30 0.0005 0.8356 0.9998 
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Model 
LDH loading 

(wt.%) 

Temperature 

(°C) 
Parameters R

2
 

 40 8.56×10
-5

 1.2606 0.9999 

   K n  

 

0 

20 5.0×10
-3

 1.0163 0.9998 

 30 4.70×10
-3

 1.0064 0.9998 

 40 4.12×10
-3

 1.0181 0.9999 

 

3 

20 0.0055 1.0162 0.9998 

 30 0.0052 1.0064 0.9998 

Herschel-

Bulkley 

40 0.0045 1.0181 0.9999 

 

5 

20 0.0059 1.0162 0.9998 

 30 0.0055 1.0064 0.9998 

 40 0.0048 1.0181 0.9999 

 

7 

20 0.0062 1.0162 0.9998 

 30 0.0058 1.0064 0.9998 

 40 0.0052 1.0181 0.9999 

 

 
 

 τo η∞  

 
0 

20 3.49×10
-5

 5.30×10
-3

 0.9999 

 30 1.59×10
-5

 4.82×10
-3

 0.9998 

 
 

40 1.52×10
-15

 4.47×10
-3

 0.9998 

 

3 

20 2.68×10
-5

 0.0059 0.9998 

 30 1.75×10
-5

 0.0053 0.9998 

Casson 40 6.78×10
-19

 0.0049 0.9998 

 

5 

20 2.88×10
-5

 0.0063 0.9998 

 30 1.87×10
-5

 0.0056 0.9998 

 40 2.38×10
-16

 0.0052 0.9998 

 

7 

20 3.05×10
-5

 0.0067 0.9998 

 30 1.99×10
-5

 0.0060 0.9998 

 40 1.81×10
-20

 0.0056 0.9998 

 

In other rheological studies, Diaz and Navaza (2003) studied the rheological properties of 

carboxymethyl cellulose and alginate sodium salts. In their study, the apparent viscosity and 

the influence of shear rate on different polymers concentration and temperature on rheological 

behaviour have been reported. To fit the experimental data, the power law (Ostwald de Waele 

model) was chosen for its simplicity and the good fit was obtained for this model. Hamed and 

Belhadri (2009) evaluated the rheological behaviour of different samples and determined the 

effect of components such as clay, calcium carbonate and potassium chloride.  
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Table 3.3: Bias factor and standard error of various viscosity models for PS/Co-Al LDH 

system. 

Model Sample Temperature 

(°C) 

Bf SE 

 

 

 

 

Power 

law 

PS 

20 0.9540 0.0057 

30 0.9704 0.0024 

40 0.9570 0.0012 

PSCL 3 

20 0.9603 0.0062 

30 0.9872 0.0026 

40 0.9861 0.0013 

PSCL 5 

20 0.9793 0.0066 

30 1.0027 0.0027 

40 0.9985 0.0014 

PSCL 7 

20 0.9866 0.0069 

30 1.0145 0.0029 

40 1.0224 0.0014 

 

 

PS 

20 0.9984 0.0012 

 30 0.9720 0.0002 

 40 0.9820 0.0001 

 

PSCL 3 

20 0.9967 0.0011 

 30 0.9964 0.0004 

Cross 40 1.0043 0.0002 

 

PSCL 5 

20 0.9982 0.0012 

 30 0.9952 0.0005 

 40 1.0045 0.0002 

 

PSCL 7 

20 1.0004 0.0013 

 30 0.9951 0.0005 

 40 1.0043 0.0003 

 

 

PS 

20 0.9690 0.0031 

 30 0.9730 0.0002 

 40 0.9850 0.0001 

 

PSCL 3 

20 0.9679 0.0034 

 30 0.9769 0.0014 

 40 0.9893 0.0007 

Carreau 

PSCL 5 

20 0.9719 0.0035 

 30 0.9758 0.0015 

 40 0.9897 0.0007 

 

PSCL 7 

20 0.9716 0.0037 

 30 0.9756 0.0016 

 40 0.9894 0.0008 
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Model Sample Temperature 

(°C) 

Bf SE 

  20 0.9824 0.0013 

 PS 30 0.9782 0.0024 

  40 0.9790 0.0012 

 

PSCL 3 

20 0.9927 0.0002 

 30 0.9922 0.0025 

Sisko 40 0.9901 0.0013 

 

PSCL 5 

20 0.9830 0.0064 

 30 1.0045 0.0027 

 40 0.9989 0.0014 

 

PSCL 7 

20 0.9893 0.0068 

 30 1.0158 0.0028 

 40 1.0225 0.0014 

 

  20 1.0030 0.0005 

 PS 30 1.0023 0.0005 

  40 1.0090 0.0004 

  20 1.0035 0.0005 

 PSCL 3 30 1.0173 0.0006 

Herschel-

Bulkley 
 

40 1.0091 0.0007 

  20 1.0233 0.0007 

 PSCL 5 30 1.0333 0.0007 

  40 1.0219 0.0008 

  20 1.0309 0.0008 

 
PSCL 7 

30 1.0454 0.0008 

 

  40 1.0463 0.0008 

  20 0.9590 0.0054 

 PS 30 0.9784 0.0023 

  40 0.9830 0.0012 

  20 0.9658 0.0060 

 PSCL 3 30 0.9926 0.0024 

Casson  40 0.9913 0.0013 

  20 0.9848 0.0063 

 PSCL 5 30 1.0081 0.0026 

  40 1.0050 0.0014 

  20 0.9922 0.0066 

 PSCL 7 30 1.0201 0.0027 

  40 1.0291 0.0014 
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Figure 3.8 (a-c): Viscosity parity plots for pristine PS solution data measured at             

(a) 20
 
°C, (b) 30 °C and (c) 40 °C. 
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Figure 3.9 (a-c): Viscosity parity plots for PSCL 3 solution data measured at (a) 20
 
°C, 

(b) 30 °C and (c) 40 °C. 
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Figure 3.10 (a-c): Viscosity parity plots for PSCL 5 solution data measured at (a) 20
 
°C, 

(b) 30 °C and (c) 40 °C. 
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Figure 3.11 (a-c): Viscosity parity plots for PSCL 7 solution data measured at (a) 20
 
°C, 

(b) 30 °C and (c) 40 °C. 
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These formulations exhibited non-Newtonian rheological behaviour, which were described 

well by the three parameter, Herschel-Bulkley rheological model.  

Figures 3.8 – 3.11 justify that the correlations given in this work fit better with 

experimental values than that of Rosenberger et al. (2002) in the entire range of parameters 

(LDH (0 – 0.35 g), temperature (20, 30 and 40 °C) and shear rate (0.1 – 100 sec
-1

). Hence, 

these models could be especially useful in hydrodynamic optimization and also computational 

fluid dynamic (CFD) simulation of airlift where viscosity plays a major role on the 

hydrodynamic regime, oxygen transfer and mass transport and consequently influences the 

system performance (Garakani et al., 2011).  

3.6 Summary 

The effect of LDH loading with temperature on the rheological behaviour of PS/Co-Al 

LDH blends has been effectively studied, which is crucial for polymer manufacturing 

industries. Rheological studies demonstrated enhancement in viscosity with increasing LDH 

loading in the polymer solution. The viscosity of PS and PS/Co-Al LDH solution decreased 

with increasing the shear rate for all applied temperatures. To assess upon the flow behaviour 

of the PS solution, rheology data of PS and PS/Co-Al LDH solution were validated with 

various rheological models such as Herschel-Bulkley, Power law, Sisko, Casson, Carreau and 

Cross model. From regression coefficient and Bf analysis, Herschel-Bulkley model fit well 

with rheological data obtained at 20 °C and cross model fit well for data obtained at 30 and 40 

°C. Similarly, for the PS loaded with variant concentrations of Co-Al LDH, Hershel-Buckley 

and Cross model fit well to represent rheological behaviour existent at lower (20 °C) and 

higher (30 and 40 °C), respectively. 
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Chapter 4 

Preparation and Characterization of PS/Co-Al LDH and 

PS/Ni-Al LDH Nanocomposites by Solvent Blending 

Method 

This chapter summarizes procedures adopted and subsequent characterization analysis of 

PS/LDH nanocomposites prepared with solvent blending method and variant content (1 – 7 

wt.%) of modified Co-Al LDH and Ni-Al LDH. Structural, thermal and viscoelastic properties 

of the prepared PS/LDHs nanocomposites were evaluated using XRD, TEM, FTIR, TGA, DSC 

and rheometer. Moreover, the activation energy of the degradation process of both pristine 

PS and PS nanocomposites was evaluated using Coats-Redfern method. Criado model was 

deployed to evaluate reaction mechanism associated to thermal decomposition of PS/LDHs 

nanocomposites. Integral procedural decomposition temperature (IPDT) was also determined 

to analyse upon the improvement of thermal stability in the nanocomposites. Finally, 

rheological properties were measured for PS nanocomposites under molten state and water 

vapor transmission rate (WVTR) analysis was conducted to determine water vapor 

permeability of the nanocomposite films. 

 

4.1 Introduction 

In this chapter, an attempt has been made to fabricate and investigate characterization 

parameters associated to solvent blending based PS nanocomposites prepared with modified 

layered double hydroxides (Co-Al LDH and Ni-Al LDH). LDHs can be easily synthesized by 

co-precipitation method. LDHs are well characterized anionic clays and have been utilized in 
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several applications such as catalysts, adsorbents, separation techniques and ion-exchangers 

(Costa et al., 2008). The preparation of various types of polymer nanocomposites was 

reported in numerous literatures (Liu et al., 2006; Guo et al., 2011; Qiu et al., 2005; Paul et 

al., 2013; Botan et al., 2012; Penga et al., 2010; Alansi et al., 2015; Noh and Lee, 1999; 

Limpanart et al., 2005; Zhang et al., 2003; Uthirakumar et al., 2005b; Bourbigot et al., 2004; 

Chen and Wang, 2007). Liu et al. (2006) synthesized Co-Al LDH using various anions 

(acetate, chlorate and nitrate) and found that the NO3-LDH provides greater degree of 

exfoliation in comparison with other modifiers. Guo et al. (2011) prepared PU/Co-Al LDH 

composites by in-situ polymerization technique. The authors reported that the decomposition 

temperature of PU/Co-Al LDH nanocomposite with 5 wt.% LDH was found to be 36.4 °C 

lower than the pristine PU. Qiu et al. (2005) incorporated Zn-Al LDH nanoparticle in the PS 

matrix by solution intercalation method. The authors reported that the thermal decomposition 

temperature of the nanocomposites is 17 °C more than that of pristine PS. In another study, 

Paul et al. (2013) prepared PS/O-laponite nanocomposites using solution intercalation 

technique and attained improvement in the thermal stability (425 °C for pristine PS and 454 

°C for PS/O-laponite composites) due to the presence of O-laponite in PS matrix. PS/MgAl 

LDH nanocomposites containing 5 wt.% LDH prepared by in-situ free radical bulk 

polymerization method exhibited about 18 °C enhancement in thermal stability over pristine 

PS (Botan et al., 2012). A simple solution intercalation technique was adopted for the 

preparation of polycaprolactone/Co-Al LDH nanocomposites (Penga et al., 2010). TGA 

results confirmed that the nanocomposites had around 18 °C lower thermal degradation 

temperature as compared to pure polycaprolactone. The synthesis of PS/LDH nanocomposites 

via direct intercalation method was reported by Alansi et al. (2015) and the improvement of 
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Tmax by 2 °C was noticed for 2 wt.% MgAl LDH loaded PS nanocomposites. Noh and Lee 

(1999) demonstrated that the Tg of PS nanocomposites with 30 wt.% MMT was improved by 

about 5 °C over pristine PS and the material was synthesized with emulsion polymerization 

method. Limpanart et al. (2005) followed melt compounding technique to synthesize PS/clay 

nanocomposites. Depending upon the modification of the organoclay, two major types of 

composites namely, conventional and intercalated nanocomposites could be fabricated. Zhang 

et al. (2003) synthesised PS/clay nanocomposites by γ-ray irradiation technique. They found 

that the incorporation of clay greatly improved the thermal properties of the PS 

nanocomposites. The formation of exfoliated PS/clay nanocomposites via in-situ 

polymerization was demonstrated by Uthirakumar et al. (2005b). They reported that a 

delaminated structure was obtained due to the anchored radical initiator within the clay layers. 

The inclusion of clay nanoparticles in PS through bulk polymerization conveyed low PHRR 

(520 kW/m
2
) in nanocomposite when compared to pure PS (1025 kW/m

2
) (Bourbigot et al., 

2004). Chen and Wang (2007) prepared PP composites by melt blending method and studied 

thermal decomposition kinetics of the nanocomposites. They utilized Coats-Redfern and 

Criado model to measure the activation energy and determine the reaction mechanism of PP 

nanocomposites, respectively.   

From the available state-of-the-art, it is apparent that experimental investigations have not 

targeted upon the fabrication and characterization of modified Ni-Al LDH and Co-Al LDH 

based PS nanocomposites through solvent blending method. Henceforth, the chapter targets 

solvent blending based synthesis of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites to 

examine upon the effect of variant LDH content on structural, thermal and rheological 

characterization parameters. Further, characterization also attempts to evaluate upon the 
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kinetics and reaction mechanism associated to thermal decomposition of the prepared 

samples. 

 

4.2 Materials and methods 

4.2.1 Materials 

The polymer matrix utilized for the manufacturing of nanocomposites was polystyrene. This 

was supplied by National Chemical Ltd., Gujarat, India. All other chemicals including Cobalt 

nitrate (Co(NO3)2.6H2O), aluminum nitrate (Al(NO3)3.9H2O), nickel nitrate (Ni(NO3)2.6H2O), 

sodium nitrate (NaNO3), sodium hydroxide (NaOH), xylene (C8H10) and sodium dodecyl 

sulfate (NaC12H25SO4) were obtained from Merck (India) Ltd, Mumbai. Water used for this 

work was taken from the Millipore water system (ELIX-3).  

 

4.2.2 Preparation of modified Co-Al LDH and Ni-Al LDH 

The procedure for the preparation of modified Co-Al LDH and Ni-Al LDH is discussed in 

sections 2.2.2 – 2.2.4.  

 

4.2.3 Preparation of PS/LDHs nanocomposites 

A series of nanocomposites (PS/LDH) with variant content of LDH was synthesized 

by solvent blending route as follows. Firstly, PS and LDHs (Co-Al LDH and Ni-Al LDH) 

were dried at 60 °C and 70 °C for 12 h to remove the adsorbed moisture. Desired content of 

Co-Al LDH   material (1, 3, 5 and 7 wt.%) samples were dispersed in 109 mL of xylene (in 

each beaker) and stirred for 24 h. The subsequent step in the procedure involves addition of 

required amount of dried PS (Table 4.1) to stirred Co-Al LDH solution and the stirring 
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continued for another 12 h. Thereafter, the PS/Co-Al LDH solution was smeared on a flat 

petridish and was kept for 16 h to allow formation of film under natural drying condition. 

Eventually, after drying the films in a vacuum oven at 60 °C to eliminate residual solvent, PS/ 

Co-Al LDH nanocomposite films were obtained. Following similar procedure, pristine PS 

sample was also prepared without adding Co-Al LDH and Ni-Al LDH. The prepared films 

were kept in desiccators for further characterizations. The nomenclature for PS 

nanocomposite samples with various composition of Co-Al LDH were PS, PSCL 1, PSCL 3, 

PSCL 5 and PSCL 7 for 0, 1, 3, 5 and 7 (wt.%) LDH content, respectively. Similarly, a series 

of PS/Ni-Al LDH nanocomposites containing (1 – 7 wt.% of LDH) have been as well 

prepared using above described procedure for comparison with PS/Co-Al LDH 

nanocomposites. For Ni-Al LDH based nanocomposites, the samples nomenclature refers to 

PSNL 1, PSNL 3, PSNL 5 and PSNL 7 for PS/Ni-Al LDH 1 (wt.%), PS/Ni-Al LDH 3 (wt.%), 

PS/Ni-Al LDH 5 (wt.%), and PS/Ni-Al LDH 7 (wt.%), respectively. The experimental 

procedure followed for the preparation of nanocomposites is schematically represented in 

Figure 4.1. 

 

4.2.4 Characterization  

X-ray diffractometer (Make: Bruker, Model: D8 ADVANCE) equipped with Cu-Kα -

radiation and Ni filter was used to record spectra of various samples at room temperature.  
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Table 4.1: Nomenclature and sample preparation conditions for various PS 

nanocomposites. 

Sample  LDH Loading  

(wt.%) 

LDH  

(g) 

PS  

(g) 

Solvent  

(mL) 

PS 0 0 5 109 

PSCL 1 1 0.05 4.95 109 

PSCL 3 3 0.15 4.85 109 

PSCL 5 5 0.25 4.75 109 

PSCL 7 7 0.35 4.65 109 

 

PSNL 1 1 0.05 4.95 109 

PSNL 3 3 0.15 4.85 109 

PSNL 5 5 0.25 4.75 109 

PSNL 7 7 0.35 4.65 109 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Schematic of PS nanocomposite preparation using solvent blending method. 
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Transmission electron microscope (Make: JEOL, Model: JEM 2100) operated at 200 kV 

accelerating voltage was adopted to analyze the extent of LDH dispersion in the PS 

nanocomposites. FTIR spectra of the LDH and PS nanocomposite samples were carried out 

using a Shimadzu (FTIR) spectroscope (Model: IRAffinity-1) with wavenumber range of 

4000 – 400 cm
-1

 at room temperature. The test for WVTR was performed using 

PERMATRAN-W instrument (Make: Mocon USA, Model: 1/50 G) and according to ASTM 

E 398. TGA data for both LDH and nanocomposite samples were recorded using high 

temperature thermogravimetric system (Make: M/s Mettler Toledo, Switzerland; Model: TGA 

851e/LF/1100) that was operated with nitrogen at a scan rate and temperature range of 10 

°C/min and 30 – 700 °C, respectively. The DSC analysis (Make: M/s mettle Toledo, 

Switzerland; Model: 1) was performed with nitrogen for a heating rate and temperature range 

of 5 °C/min and 25 – 200 °C, respectively. A rheometer (Make: Anton Paar; Model: MCR 

301) facilitated with parallel plate geometry (diameter and gap of 50 mm and 1 mm, 

respectively) was employed in an oscillatory mode to evaluate viscoelastic properties of the 

PS nanocomposites. Dynamic frequency sweep measurements were performed in the angular 

frequency range of 0.01 to 100 sec
-1

 using strain amplitude within the linear viscoelastic 

region at a temperature of 190 °C.   

 

4.2.5 Thermal degradation kinetics  

The LDH layers incorporated in the polymer matrix increases thermal stability of the 

polymer nanocomposite. This is primarily due to the barrier effect of the LDH platelets 

distributed throughout the matrix. The effect of the LDH loading can be observed by 

evaluating the activation energy of pure polymer and polymer nanocomposites (using Coats-
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Redfern method) and appropriate kinetic models. The calculation procedure involves 

determination of the kinetic parameters such as activation energy, pre-exponential factor, and 

order of the reactions of different polymer nanocomposites by adopting Coats-Redfern 

method. The reaction mechanism of thermal decomposition of nanocomposites with different 

fillers was obtained using Criado method. 

 

Kinetic studies of the degradation process were performed for better understanding of 

the thermal degradation behaviour of PS, PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites. 

Isothermal rate of conversion has been assumed to be a linear function of rate constant (k) and 

fractional weight loss (α). 

( )
d

kf
dt




                    (4.1) 

Arrhenius equation is given by following expression:      
 

aE

RTk Ae


                                (4.2) 

Coupling equation 4.1 and 4.2 yields, 

( ) ( )
aE

RTd
kf Ae f

dt


 

 
 
                     (4.3) 

where, T denotes the temperature, t indicates  reaction  time, A signifies pre-exponential 

factor, Ea refers to apparent activation energy, R represents gas constant, f(α) symbolizes 

reaction model and α refers to fractional weight loss or conversion degree. α is expressed as: 

0

0

( )

( )

tw w

w w








                                        (4.4) 
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where, w0 denotes initial weight, wt represents actual weight and wα signifies final weight of 

the samples during TGA analysis. 

d d dT d

dt dT dt dT

  
 

                     (4.5) 

where, β = 
d

dT


= heating rate. Now by combining equations 4.3 and 4.5, we get: 

( )
aE

RT
d A

e f
dT








                                (4.6) 

Integrating both sides and reorganizing, we get the following expression: 

0 0

( )
( )

aT E

RT
d A

g e dT
f





 



                      (4.7) 

Here, g(α) is the integral function of conversion degree α. The polymer decomposition 

processes, mainly obey the deceleration or sigmoidal functions. For various solid reaction 

mechanisms, g(α) has various relationships which are summarized in Table 4.2. 

4.2.5.1 Coats-Redfern method
 

The method was given by Coats and Redfern (1964). The following procedure summarizes 

the method. 

Using equation 4.7 and substituting ( ) (1 )nf     and /ax E RT  rearranging, we get: 

2 2
( ) 1 exp a

a a

EART RT
g

E E RT




   
    

  

                                         (4.8) 

g(α) can be expressed in various ways for various n values: 

when n = 1, ( ) ln(1 )g                                (4.9a) 
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when n≠1, 
11

( ) [(1 ) 1]
1

ng
n

    


              (4.9b) 

The combination of equation 4.8 and 4.9 after rearrangement yields: 

n=1  
2

ln(1 ) 2
ln ln 1 a

a a

EAR RT

T E E RT





   
      
     

          (4.10a) 

n≠1  
1

2

1 (1 ) 2
ln ln 1

(1 )

n

a

a a

EAR RT

n T E E RT





     
     

      

                    (4.10b) 

For plots with good fitness, plotting the left hand side term in above expressions versus 1/T 

indicates a straight line plot whose slope refers to the activation energy. The constant value of 

the plot enables the evaluation of pre-exponential factor, by considering the relationship 

involving 
2

1
a

RT

E

 
 

 
 in the parenthesis as 1. The advantage of the method is that 

investigation can be performed with only single heating value which is not the case for other 

kinetic methods that require several heating values. 

4.2.5.2 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 for the study of the mechanism of thermal 

degradation at a particular heating rate. The values of Ea, A and the apparent order of the 

reaction (n) are evaluated using Coats-Redfern method. 

Criado introduced a new function, Z(α), given as: 

 ( ) ( )

d

dtZ x T



 


                          (4.11) 
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where, /ax E RT  and π(x) is an estimated relationship acquired by integration with 

temperature that cannot be articulated by straight forward investigation formula. Paterson 

(1971) suggested a sensible expression between π(x) and P(x) 

( ) ( )xx xe P x                               (4.12) 

Senum and Yang (1977) and Flynn (1997) projected an estimated biquadratic rational relation 

of 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

   


   
                                  (4.13) 

( ) ( ) ( )Z f g                              (4.14) 

For x > 20, equation (4.13) can give negligible inaccuracy, based on the analyses of the 

thermogravimetric value. Merging equation (4.6) and (4.14), the following expression is 

achieved: 

( ) ( )
aE

RT
d

Z g e
A dt

 
                                                 (4.15a) 

Combining equations (4.11) and (4.13), the following relationship is obtained: 

( ) ( )
aE

a RT
Ed

Z e P x
dt R


                                      (4.15b) 

Using equation (4.15 b), Z (α) versus α experimental plots are obtained and are subsequently 

compared to the master plot between Z (α) versus α using the equation (4.15a) for various 

mechanism functions, g(α) and precisely the best fit refers to the reaction mechanism of the 

thermal degradation reaction. 
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Table 4.2: g(α) expressions for alternate reaction mechanisms associated to 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 

 

 

4.3 Results and discussion 

4.3.1 XRD analysis 

The structural properties of the nanocomposites are highly influenced with the degree of 

dispersion of LDH in the PS matrix.  Generally, layered nanofillers in reinforcing material 

facilitate either intercalated or exfoliated structure. This primarily depends on the synthesis 

method, content of the filler and chemical nature of the organic modifier used in the filler. If 
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an intercalated composite is formed, there will be an increment in the d-spacing value as 

compared to original LDH. The exfoliated nanocomposite is produced for the case in which 

LDH layers are well separated from one to another, well distributed in the polymer and no 

peak corresponding to basal plane (003) of LDH is observed. Generally, in the polymer/clay 

nanocomposite systems, the state of dispersion and the interlayer spacing of the clay platelets 

are typically examined by XRD and TEM. TEM is time demanding, and merely provides 

qualitative information on the sample in total, where as XRD gives quantification of changes 

in layer spacing, however, without providing information on high layer spacing (>7 nm) 

and/or relatively disordered structures. Hence, both these techniques (XRD and TEM) are 

generally used to assess upon the nanocomposite structures (Morgan and Gilman (2003)). 

Figure 4.2 (i) depicts XRD diffraction patterns of Co-Al LDH, PS and PS nanocomposites. 

The d-spacing value of the Co-Al LDH is determined as 2.8 nm from the reflection peak (003) 

at 3.14° through Bragg's equation. For pristine PS (Figure 4.2 i (a)), it is observed that the 

presence of two small halos centered at 2θ value between 10 and 20° is owing to amorphous 

characteristic of PS. In Figure 4.2 i (b-e), the characteristic peak (003) of Co-Al LDH layers 

got completely disappeared in the PS nanocomposites. This conveys that LDH layers might 

be exfoliated or delaminated in the PS matrix.  

Figure 4.2 (ii) depicts XRD diffraction patterns of Ni-Al LDH, PS and PS nanocomposites. 

The Ni-Al LDH (003) reflection obtained at 2θ value of 6.54° corresponds to the d-value of 

1.35 nm. Similarly, it is also noticed that (003) diffraction peak is absent in PS/Ni-Al LDH 

nanocomposites (Figure 4.2 (ii) (b-e)). As mentioned, XRD technique alone is not sufficient 

to conclude upon the prevalent nanocomposite structure and it should be used along with 

TEM to obtain insights on the dispersion of nanofiller (Morgan and Gilman (2003)).  
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Figure 4.2: XRD patterns of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH nanocomposites. 
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4.3.2 TEM analysis 

TEM is a more useful technique for the evaluation of LDH distribution in the polymer 

matrix. Figure 4.3 (i) and 4.3 (ii) present the TEM images of prepared PS/Co-Al LDH and 

PS/Ni-Al LDH nanocomposites, respectively. TEM images of PSCL 1, PSCL 3, PSCL 5 and 

PSCL 7 nanocomposites are presented in Figure 4.3 i (a-d). The TEM images can provide a 

qualitative understanding of dispersion of the LDH and the type of nanocomposites formed in 

the context of either intercalated or exfoliated structure. One can see from Figure 4.3 i (a-b) 

that in the case of PSCL 1 and PSCL 3 samples, a better dispersion of Co-Al LDH layers in 

PS matrix is noticed. The dark lines show LDH galleries and the bright region signifies the PS 

matrix. These images (Figure 4.3 i (a) and (b)) indicate that the LDH layers have lost their 

ordered stacking structure, and are totally delaminated in the PS matrix. The galleries lines are 

illustrated by arrow marks. However, the PS nanocomposite with 5 wt.% Co-Al LDH is found 

to have partially exfoliated and intercalated structure (see Figure 4.3 i (c)). The arrow and 

circle marks represent the exfoliated and intercalated structure, respectively. Similar 

observations were reported by Alansi et al. (2015) for PS/Mg-Al LDH nanocomposite. Figure 

4.3 i (d) illustrates the intercalated morphology of PS nanocomposites at higher loading of 

LDH (7 wt.%) in the PS matrix. A similar behaviour was also reported for PS/MgAl LDH 

nanocomposites prepared by solution intercalation route (Zhu et al., 2001). Ding and Qu 

(2005) also achieved intercalated structure of PS nanocomposites with higher content of Zn-

Al LDH synthesized by emulsion polymerization. Similarly, it is also noticed that Ni-Al LDH 

layers are dispersed in PS/Ni-Al LDH nanocomposites [see Figure 4.3 ii (a-d)]. Based on the 

these trends in the results, it can be confirmed that the delaminated PS/LDHs nanocomposites 

are formed at lower loading of nanofiller (<3 wt.%).  
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Figure 4.3. (i): TEM images of (a) PSCL 1, (b) PSCL 3, (c) PSCL 5 and (d) PSCL 7 

nanocomposites. 
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Figure 4.3. (ii): TEM images of (a) PSNL 1, (b) PSNL 3, (c) PSNL 5 and (d) PSNL 7 

nanocomposites. 

 

 

 

 

 

(a) (b) 

(c) (d) 
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4.3.3 FTIR analysis  

The FTIR spectra for pristine PS and its various nanocomposites are presented in 

Figure 4.4. The FTIR analysis has been performed to identify various functional groups that 

exist in the Co-Al LDH, Ni-Al LDH and PS nanocomposites. 

A typical FTIR spectrum of Co-Al LDH, pristine PS and PS nanocomposite is 

illustrated in Figure 4.4 (i). Apparently, for Co-Al LDH sample (Figure 4.4 i (a)), the medium 

sharp peak at 1063 cm
-1

 and an intense peak at 1218 cm
-1

 are designated as asymmetric and 

symmetric vibration of sulfate from dodecyl sulfate anion, respectively. The characteristic 

peaks at 2957 cm
-1

, 2920 cm
-1

 and 2848 cm
-1

 are ascribed to C-H stretching vibration. 

Bending mode of water molecule is found through a prominent peak at 1630 cm
-1

. A very 

strong and broader peak attained at 3500 cm
-1 

is attributed to the O-H stretching of the metal 

hydroxide layer and interlayer water molecules of Co-Al LDH. For pristine PS sample (Figure 

4.4 i (b)), an intense peak appeared at 698 cm
-1

, which is assigned as that corresponding to 

mono-substituted benzene. Vibrational mode of CH2 bending is located at 1453 cm
-1

 and 1368 

cm
-1

. There are two peaks at 1504 cm
-1

 and 1496 cm
-1 

which refer to C=C bending vibration 

(Du et al., 2009). The medium sharp peak at 2930 cm
-1

 and 3070 cm
-1

 correspond to aliphatic 

C-H stretching vibration and aromatic C-H stretching vibration, respectively. In comparison 

with pristine PS sample (Figure 4.4 i (b)), FTIR spectra of PS nanocomposites (Figure 4.4 i 

(c-f)) possess few new additional absorption prominent peaks. Among these, one is at 1218 

cm
-1

 and corresponds to symmetric vibration of sulfate from dodecyl sulfate anion and the 

other is at 1630 cm
-1 

and this has been assigned to bending mode of water molecules. Also, a 

broader peak attained at 3500 cm
-1

 indicates existence of O-H stretching modes of interlayer 

water molecules. These peaks elucidate the occurrence of Co-Al LDH in the PS 
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nanocomposites. Wang et al. (2004) also obtained similar results with an increase in MMT 

loading in polymer nanocomposites.  

Figure 4.4 (ii) depicts FTIR spectra of Ni-Al LDH, PS and PS/Ni-Al LDH samples. 

For Ni-Al LDH (Figure 4.4 ii (a)), O-H stretching vibration of hydrogen-bonded metal 

hydroxide layer and lattice water are attained at 3528 cm
-1

. The two characteristic peaks at 

2850 and 2920 cm
-1

 are designated as the stretching vibration of CH3 and CH2 of the modifier 

(SDS), respectively. The two peaks at 1218 cm
-1

 and 1063 cm
-1

 are assigned to symmetric  

vibration (vS=O) and asymmetric vibration (vo S=O) of sulfate from dodecyl sulfate anion, 

 

Figure 4.4. (i): FTIR spectra of (a) Co-Al LDH, (b) pristine PS, (c) PSCL 1, (d) PSCL 3,               

(e) PSCL 5 and (f) PSCL 7 nanocomposites. 

TH-1665_126107001



Chapter 4 

 

 122 

 

Figure 4.4. (ii): FTIR spectra of (a) Ni-Al LDH, (b) pristine PS, (c) PSNL 1, (d) PSNL 3,               

(e) PSNL 5 and (f) PSNL 7 nanocomposites. 

respectively (Costa et al. 2008). The lattice vibration bands observed at 400 – 800 cm
-1

 

correspond to Ni-O, Al-O, O-Al-O modes (Wang et al., 2009). Considering pristine PS 

((Figure 4.4 ii (b)) for comparison, the PS nanocomposites (Figure 4 ii (c-f)) possess few new 

absorption peaks. Among these, the peak located at 1218 cm
-1

 corresponding to symmetric 

vibration of sulfate from dodecyl sulfate anion and the peak at 3528 cm
-1

 refers to O-H 

stretching vibration. The lattice vibration bands can also be seen in the region of 400 – 800 

cm
-1

 (Qiu et al., 2005). These FTIR assignments reveal that the modified Ni-Al LDH is doped 

into the PS matrix by the solvent blending method and thereby facilitates nanocomposite 

structure in the material.  
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4.3.4 WVTR analysis 

The WVTR is considered as an important parameter for food packaging applications. 

It is quantified by the water vapor permeability coefficient (WVPC), which indicates the 

amount of water vapor that permeates per unit area and time in a packing material. It is well 

known that LDHs are able to reduce the transmission rate of packing film. 

The WVTR for pristine PS, PSCL 1, PSCL 3, PSCL 5 and PSCL 7 nanocomposites 

are determined as 18, 17.2, 15.3, 13.6 and 12.45 gm/m
2
.day, respectively (see in Figure 4.5 

(i)). Similarly, the water vapour transmission rate for PS/Ni-Al LDH nanocomposites having 

1 wt.%, 3 wt.%, 5 wt.% and 7 wt.% of LDH are determined as 16.7, 14.5, 12.8 and 11.9 

gm/m
2
.day, respectively (see in Figure 4.5 (ii). These suggest that the transmission rate 

reduces with increasing content of LDH. Figure 4.5 (iii) demonstrates how LDH layers hinder 

the permeation of vapor through the nanocomposite film that leads to reduction in the 

transmission rate. A similar behaviour of water vapor transmission rate was reported by Yeh 

et al. (2004) for PS/clay composites. The reduced transmission rate is influenced by several 

factors such as shape and aspect ratio of nanofiller and loading of nanofiller. 
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Figure 4.5: WVTR of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH nanocomposites. 

 

 

Figure 4.5 (iii): Permeation path imposed by nanoparticles embedded in polymer films. 

Pristine PS 

PS nanocomposites containing nanoplatelets 
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4.3.5 DSC analysis 

To examine upon the movement of PS macromolecular chains in the clay galleries in 

terms of its Tg, DSC analysis of PS/Co-Al LDH, PS/Ni-Al LDH nanocomposites and PS 

sample without LDHs was performed and the obtained results have been presented in Figure 

4.6. The Tg is evaluated at the inflection point between the onset and the end set temperatures. 

The Tg value have been found to be 69.3, 71.8, 73.3, 74.4 and 74.8 °C, for pristine PS,    

PSCL 1, PSCL 3, PSCL 5, PSCL 7 sample, respectively (see Figure 4.6 (i)). The highest 

enhancement of Tg (5.5 °C more than pristine PS) is achieved for PS nanocomposite 

containing 7 wt.% Co-Al LDH content. Similarly, the Tg values for PS/Ni-Al LDH 

nanocomposites samples having 1, 3, 5 and 7 wt.% of LDH are evaluated as 72.2, 73.5, 74.8 

and 75.0 °C, respectively (see Figure 4.6 (ii)). Overall, the Tg of PS is improved with the 

addition of LDHs. This is due to the strong linkages between LDH and PS, which hinders the 

supportive movement of the PS primary chain fragments. Similar phenomenon was also 

observed for PS/O-laponite nanocomposites by Paul and co-workers (2013). The PS/Ni-Al 

LDH nanocomposites exhibit Tg enhancement of 2.9 – 5.7 °C with respect to corresponding 

value of pristine PS. It was reported in the literature (Zidelkheir et al., 2006) that PS 

nanocomposite prepared with 10 wt.% MMT content via melt compounding method 

possessed 4 °C higher Tg value than that obtained for pristine PS. 
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Figure 4.6 (i): DSC curves of PS and PS/Co-Al LDH nanocomposites. 

 

 

Figure 4.6 (ii): DSC curves of PS and PS/Ni-Al LDH nanocomposites. 
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4.3.6 TGA analysis 

TGA analysis is primarily utilized to examine the degradation temperature as well as 

thermal stability of the polymer matrix. The TGA curve of pristine PS and PS/Co-Al LDH 

nanocomposites are presented in Figure 4.7 (i). The main degradation of pristine PS takes 

place in the temperature range of 350 – 450 °C (see Figure 4.7 i (a)). For the case of PS/Co-Al 

LDH nanocomposites, two types of degradation profiles can be observed (see Figure 4.7 i (b-

e)). The first stage profile that exists for the weight decrement in the temperature range of 140 

- 330 °C is due to the vaporization of physisorbed water molecules in the intercalated galleries 

and thermal degradation of alkyl chains of surfactant molecules (Botan et al., 2012). The TGA 

profile that exists in the second stage decrement at 330 - 460 °C is due to thermal 

decomposition of PS macromolecules and creation of black char. Only inorganic residues are 

present beyond 460 °C. From these TGA results, it is evident that the thermal stability of the 

PS nanocomposites is enhanced by the incorporation of LDH nanofiller. This is attributed to 

the barrier effect of LDH layers that hinder heat and diffusion of volatile components 

generated by thermal degradation. Considering mass decrement of 15% as a reference point, 

the decomposition temperature (Td) for pristine PS and PS/Co-Al LDH nanocomposites 

containing 1, 3, 5 and 7 wt.% of LDH is found to be 360, 370.5, 378.2, 384.6 and 388.5 °C, 

respectively. The Td value for PS/Co-Al LDH samples with 1, 3, 5 and 7 wt.% LDH loading 

is 10.5, 18.2, 24.6 and 28.5 °C higher in comparison with the value obtained for pristine PS, 

respectively (see Table 4.3). Figure 4.8 (i) demonstrates the thermal behaviour of pristine PS 

and PS/Ni-Al LDH nanocomposites. Similarly, selecting 15% mass loss as a reference point, 

the thermal degradation temperatures for pristine PS and PS/Ni-Al LDH nanocomposites 

having 1, 3, 5 and 7 wt.% of LDH are determined as 360, 372.3, 381.5, 387.7 and 389.1 °C, 
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respectively. In other words, the thermal stability of nanocomposites improved with respect to 

pristine PS. The thermal degradation values for PSNL 1, PSNL 3, PSNL 5, and PSNL 7 are 

12.3, 21.5, 27.7 and 29.1°C, respectively, higher than that of pristine PS (see Table 4.3). 

Among all investigated nanocomposites, the nanocomposite with 7 wt.% LDH content 

has better thermal stability. The improvement in thermal stability is observed even with small 

(1 wt.%) addition of LDH and the effect is more pronounced in the nanocomposites samples 

with higher loading of LDH (>5 wt.%) (Wang et al., 2004). It is also noticed in Figure 4.7 and 

4.8 i (b-e) that the char residue content of nanocomposites gradually increases with increasing 

LDH concentration in the polymer matrix. Interestingly, similar trend was noticed for PS/O-

laponite nanocomposites by Paul and co-workers (2013). In their work, thermal stability 

enhanced gradually for PS/O-laponite composites with increment in the nanofiller loading. It 

is noteworthy to mention that the addition of Co-Al LDH in polyurethane (PU) (Guo et al., 

2011) and polycaprolactone (Penga et al., 2010) decreased thermal stability of the polymer.  

 

In the first derivative of TGA graph (Figure 4.7 (ii) and 4.8 (ii)), the peaks indicate 

temperature corresponding to the maximum rate of mass decrement. It is apparent that all 

derivative curves of the nanocomposites (Tmax) are shifted to the right hand side of pristine 

PS, which conveys better thermal stability of the composites. With only 7 wt.% nanofiller 

loading, for PSNL 7 and PSCL 7 nanocomposite, the Tmax values are 424.5 
o
C and 424.6 °C 

respectively, which are 7.5 and 7.6 °C higher than that obtained for pristine PS (417 °C). 

Table 4.3 presents the TGA results of pristine PS and its nanocomposites. Generally, around  
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Figure 4.7: (i) TGA and (ii) DTG curves of PS and PS/Co-Al LDH nanocomposites. 
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Figure 4.8: (i) TGA and (ii) DTG curves of PS and PS/Ni-Al LDH nanocomposites. 
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10 – 30 wt.% of inorganic materials (such as glass fiber) are used to reinforce the polymer in 

order to enhance polymer properties (Kumar and Kumar, 2014). However, it is noticed that a  

small quantity (even 1 wt.%) of LDH is sufficient to augment the properties of PS due to 

molecular level dispersion as well as high aspect ratio of the LDH. It is well documented in 

the literature (Yano et al., 1997) that the effect of improving nanocomposite properties is 

predominant for higher aspect ratio of the filler. 

 

Table 4.3: Thermal degradation temperatures of PS, PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
Temperature at 15% 

weight loss (T15) °C 
Tmax (

 
°C ) 

PS 360.0 417.0 

PSCL 1 370.5 419.9 

PSCL 3 378.2 422.4 

PSCL 5 384.6 423.9 

PSCL 7 388.5 424.5 

   

PSNL1 372.3 420.2 

PSNL 3 381.5 422.7 

PSNL 5 387.7 424.3 

PSNL 7 389.1 424.6 
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4.3.7 Kinetic analysis 

4.3.7.1 Coats-Redfern method for kinetic analysis  

Coats-Redfern method (Coats and Redfern, 1964), also called as integral method, is 

generally applied to study the kinetics of solid state system. The order of reaction (n) is 

evaluated by linear fitting of the left hand side of equation (4.10) versus 1/T. The value of n 

obtained at the best correlation coefficient (R) is the actual order of reaction, and Ea and A can 

also be evaluated for the best fit plot. 

 

Coats-Redfern method deals with major decomposition stage of the thermal behaviour 

of the PS nanocomposites. The thermal degradation data at a single heating rate is sufficient 

to calculate the respective parameters (A, Ea, and n). Initially, it is assumed that a thermal 

decomposition reaction comprises a specific order of reaction and it is substituted in equation 

(4.10). To evaluate the best correlation coefficient (R), the graph of left hand side of equation 

(4.10) is fitted against to 1/T. The stated route is replicated for various n values to obtain the 

best R value. Consequently for the best fit plot, A and Ea are evaluated from the intercept and 

slope of the plotted linear line, respectively. Figure 4.9 and 4.10 illustrates the linearly fitted 

plot of pristine PS and various PS nanocomposites. The obtained kinetic parameter values 

including n, Ea and A for the prepared samples are enlisted in Table 4.4. The Ea of pristine PS, 

PSCL 1, PSCL 3, PSCL 5 and PSCL 7 nanocomposites is determined as 89, 109, 126, 134 

and 138 kJ/mol, respectively. The Ea of PSCL 7 is found to be 49 kJ/mol higher than the 

pristine PS (see Table 4.4). Similarly, the Ea of PSNL 1, PSNL 3, PSNL 5 and PSNL 7 

nanocomposites is determined as 112, 128, 136 and 139 kJ/mol, respectively. It can be 

observed from the Table 4.4 that the Ea of PS/Ni-Al LDH nanocomposites is 23 – 50 kJ/mol 
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higher than that of pristine PS. The obtained results are in good agreement with TGA data. 

The Ea and A values for nanocomposites increase with increasing LDH content (see Table 

4.4). Chen and Wang (2007) conveyed that PP nanocomposites have enhanced Ea in 

comparison with pristine polymer.  

 

Table 4.4: Thermal degradation kinetics of pristine PS, PS/Co-Al LDH and PS/Ni-Al 

LDH nanocomposites obtained from Coats-Redfern method. 

Sample Ea(kJ/mol) A n R
2 

PS 89 8.88×10
5
 0.2 0.993 

PSCL 1 109 5.09×10
7
 0.5 0.998 

PSCL 3 126 6.19×10
8
 0.5 0.998 

PSCL 5 134 2.84×10
9
 0.5 0.997 

PSCL 7 138 4.05×10
9
 0.5 0.997 

     

PSNL 1 112 6.12×10
7
 0.5 0.998 

PSNL 3 128 7.82×10
8
 0.5 0.997 

PSNL 5 136 3.55×10
9
 0.5 0.997 

PSNL 7 139 5.03×10
9
 0.5 0.996 
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Figure 4.9: Coats-Redfern model fitness plots for (a) pristine PS, (b) PSCL 1,                

(c) PSCL 3, (d) PSCL 5 and (e) PSCL 7 nanocomposites. 
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Figure 4.10: Coats-Redfern model fitness plots for (a) pristine PS (b) PSNL 1,               

(c) PSNL 3, (d) PSNL 5 and (e) PSNL 7 nanocomposites. 
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4.3.7.2 Criado method for the reaction mechanism analysis 

The degradation reaction mechanism was evaluated by Criado model with the help of kinetic 

variables (A, Ea, and n) obtained from Coats-Redfern method (Criado et al., 1989). This 

method can precisely allow determination of reaction mechanism in the solid reactions. The 

master Z(α)-α curve can be plotted using equation (4.15a) according to the various reaction 

mechanisms (see Table 4.1). The equation (4.15b) is used to plot the experimental Z(α)-α 

curve. By comparing these two curves, the type of mechanism involved in the thermal 

degradation process can be identified. The Z(α)-α master and experimental curve of pristine 

PS and its nanocomposites is shown in Figure 4.11 and 4.12. It is apparent that the pristine PS 

nearly follows the master curve of Z(F1), demonstrating that the thermal decomposition 

process of pristine PS is associated to F1 reaction mechanism. According to literature, this 

degradation mechanism refers to random nucleation with one nucleus on the individual 

particle (Ma et al., 1991). In this type of mechanism, the degradation is initiated from random 

points, which act as growth centre for the progress of the degradation reaction. After adding 

Co-Al LDH, for all PS/Co-Al LDH nanocomposites samples, F1 reaction mechanism exists at 

lower α value (α = 0.15 – 0.4). Nevertheless, at higher conversion (α = 0.7 – 0.9), the thermal 

degradation reaction tends towards A4 mechanism, which corresponds to nucleation and 

growth (see Figures 4.11 and 4.12). 
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Figure 4.11: Z(α) versus α plots for various cases (a) pristine PS, (b) PSCL 1, (c) PSCL 3, 

(d) PSCL 5 and (e) PSCL 7 nanocomposites. 
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Figure 4.12: Z(α) versus α plots for various cases (a) pristine PS, (b) PSNL 1, (c) PSNL 3, 

(d) PSNL 5 and (e) PSNL 7 nanocomposites. 
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4.3.8 Integral procedural decomposition temperature 

To evaluate nanocomposites thermal stability, IPDT method was employed by 

considering the overall shape of the TGA curve. According to Doyle’s method (Doyle 1961), 

the IPDT value is estimated using the following expression:  

( ) ( )o

f i iIPDT C K S T T T                   (4.16) 

where, 1 2

1 2 3

( )

( )

A A
S

A A A




 
; 1 2

1

( )

( )

A A
K

A


 ; S is the area ratio of total experimental curve 

specified by the total TGA thermogram. Tf and Ti are the final and initial experimental 

temperature. As shown in Figure. 4.13, A1, A2, and A3 are partitions of three different areas of 

the typical TGA thermogram graph. For all prepared samples, the IPDT values are determined 

using equation (4.16). The IPDT value of pristine PS and  PS/Co-Al LDH nanocomposites 

containing  1, 3, 5 and 7 wt.% of LDH is found to be 380.4, 388.5, 402.6, 410.7 and 415.8 °C, 

respectively (see Table 4.5). Similarly, the IPDT values of PSNL 1, PSNL 3, PSNL 5 and 

PSNL 7 nanocomposites is 390.3, 404.1, 412.5 and 417.0 °C, respectively.  

As expected, the IPDT value of nanocomposites increases with increasing LDH 

concentration, which confirms increment of thermal stability of nanocomposites. The IPDT 

values of PS nanocomposites with 7 wt.% LDH is higher than that of other samples indicating 

better thermal stability. Similarly, Kim et al. (2010) conveyed enhancement in IPDT values 

for nanocomposites in comparison with pristine polymer.  
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Figure 4.13: Schematic diagram of Doyle’s method to determine IPDT. 

 

Table 4.5: IPDT values for pristine PS, PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites samples. 

Sample 
Initial Temperature 

(Ti) °C 

Final Temperature 

(Tf) °C 

IPDT (°C) 

PS 50 700 380.4 

PSCL 1 50 700 388.5 

PSCL 3 50 700 402.6 

PSCL 5 50 700 410.7 

PSCL 7 50 700 415.8 

    

PSNL 1 50 700 390.3 

PSNL 3 50 700 404.1 

PSNL 5 50 700 412.5 

PSNL 7 50 700 417.0 
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4.3.9 Rheological properties 

Rheological analysis of polymer nanocomposites are useful to understand the 

fundamental characteristics of the nanofiller and for varying processing conditions. The 

storage modulus facilitates insights into the elastic i.e. solid like behavior. The loss modulus 

represents for the viscous i.e. liquid like behavior of the polymer melts. The rheological 

characteristics of polymer and its composites melts are a subject of concentrated research and 

are highly desired essentials for injection and extrusion process. In addition, the relaxation 

and mobility of polymer matrix chains are impeded by the geometric confinement of the 

nanofiller system. Hence, it is necessary to examine the viscoelastic characteristics of polymer 

and its composites, which are vital factors in preparation processes.  

4.3.9.1 Storage and loss moduli 

Rheological analysis of the polymer composites is very effective tool to study the 

variation of microstructure and an interactive force between the polymer and nanofiller. The 

analysis was carried out with varying frequency between 0.01 and 100 sec
-1

 at a constant 

temperature of 190 °C. Figure 4.14 demonstrate the frequency dependence of storage molulus 

of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites. As depicted in Figure 4.14, the 

storage modulus of pristine PS is the lowest among all nanocomposite samples (including 

both type of nanocomposites) in the entire range of frequency and the storage modulus 

increases with increasing LDH concentration. An increase of storage modulus at lower 

frequency is a characteristic of pseudo-solid like behaviour due to the formation of network 

percolating LDH lamellae. At higher frequency, the storage modulus curves overlap with each 

other for all nanocomposite samples (including both type of nanocomposites). The increment 

of filler content in the nanocomposites transforms the structure from liquid-like nature to 

TH-1665_126107001



Chapter 4 

 

 142 

solid-like nature. The transition concentration for the same is termed as rheological 

percolation threshold. The appearance of rheological percolation threshold in the 

nanocomposite samples can be attributed to the formation of continuous network of LDH and 

polymer chain. The same phenomenon has been reported for PE/Mg-Al LDH nanocomposites 

(Costa et al., 2006b) and polymer/layered silicate nanocomposites (Lim and Park, 2001). 

The rheological parameter used to indicate the viscous effect of the given viscoelastic 

material is ‘loss modulus’. Figure 4.15 shows the plots of loss modulus versus frequency in 

the range of 0.01 – 100 sec
-1

 at a temperature of 190 °C. Upon comparison with the storage 

modulus of various samples, it is apparent that the loss modulus is always higher than the 

storage modulus at lower frequency. This indicates upon the dominance of the viscous part. In 

the lower frequency region, the rise of loss modulus for the nanocomposite samples is more 

than the enhancement observed at higher frequency region, despite observing that the nature 

of all curves is similar.  

It is apparent that with the addition of LDH, the loss modulus is altered especially at 

lower frequency region, since it is quite resistive to flow (Costa et al., 2006b). In the higher 

frequency region, the relaxation time for the polymer nanocomposites is reduced. It signifies a 

more flowing situation in which resistance cause by LDH gets cancelled out and the curves 

come closer to that of pristine PS.  
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Figure 4.14: Storage modulus profiles of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites at 190 °C. 
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Figure 4.15: Loss modulus profiles of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites at 190 °C. 
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The G′ has slopes of 0.93, 0.89, 0.877, 0.84 and 0.82 for pristine PS, PSCL 1, PSCL 3, 

PSCL 5 and PSCL 7, respectively.  However, G′′ has slopes of 0.74, 0.718, 0.699, 0.675 and 

0.650, respectively, for pristine PS, PSCL 1, PSCL 3, PSCL 5 and PSCL 7 in log plots. 

Similarly, the G′ has slopes of 0.90, 0.88, 0.86 and 0.84 for PSNL 1, PSNL 3, PSNL 5 and 

PSNL 7, respectively and G′′ has slopes of 0.72, 0.71, 0.69 and 0.67 for PSNL 1, PSNL 3, 

PSNL 5 and PSNL 7, respectively in log plots. For the lowest frequencies, the system 

response affirms to liquid-like behaviour (with G′ less than G′′). However, at higher 

frequencies, both moduli became equal and displayed near plateau region with higher value of 

G′ than G′′. This confirms to glassy solid like behaviour of the PS/LDH nanocomposites 

(Choi and Ray, 2011).  

The crossover points occur at 73.0, 69.8, 65.9, 62.6 and 60.5 sec
-1

 for pristine PS, 

PSCL 1, PSCL 3, PSCL 5 and PSCL 7, respectively (see Figure 4.16). Further, the crossover 

points occur at 68, 64.5, 61.8 and 59.9 sec
-1

 for PSNL 1, PSNL 3, PSNL 5 and PSNL 7, 

respectively (see Figure 4.17). The nanocomposites loaded with LDH exhibit more rapid 

solid-like behaviour (G′ greater than G′′) (Hoffmann et al., 2000). This solid-like behaviour 

can be explained with a reduction in the slope of G′. The G′ versus G′′ plot conveys variations 

in the microstructure of the system due to incorporation of LDH (see Figure 4.18).  

For these plots, the slope values for pristine PS, PSCL 1, PSCL 3, PSCL 5 and PSCL 7 

nanocomposites have been determined as 1.23, 1.216, 1.213, 1.21 and 1.20, respectively. 

Further, the corresponding slope values for pristine PS, PSNL 1, PSNL 3, PSNL 5 and PSNL 

7 nanocomposites are 1.23, 1.226, 1.224, 1.22 and 1.21, respectively. Potschke et al. (2002) 

also reported similar behaviour for nanocomposites prepared with multiwalled carbon 

nanotubes (MWCNT) and polycarbonate polymer. 
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Figure 4.16: Comparison of the storage (G′) and loss (G″) moduli for pristine PS and 

PS/Co-Al LDH nanocomposites at 190 °C. 
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Figure 4.17: Comparison of the storage (G′) and loss (G″) moduli for pristine PS and 

PS/Ni-Al LDH nanocomposites at 190 °C. 
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Figure 4.18: Plot of log G′ versus log G′′ for (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites at 190 °C. 
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4.3.9.2 Loss factor  

Figure 4.19 depicts the loss factor as a function of frequency in the range of 0.01 – 100 sec
-1

 

at 190 °C. It is observed that the loss factor for both types of nanocomposites is lower than 

that of pristine PS. Further, it decreases with increasing LDH concentration in the polymer 

matrix. This is due to the fact that elastic nature of the nanocomposites increases with 

increasing LDH content (Costa et al., 2006b). Majid et al. (2011) also obtained a similar trend 

of loss factor for PP nanocomposites with ZnO nanofiller. The reduction of loss factor in the 

high frequency region is attributed to shear deformation based partial orientation of polymer 

chain and LDH (Motahari et al., 2012).   

 

4.3.9.3 Complex viscosity  

Figure 4.20 portrays the behaviour of complex viscosity with angular frequency in the range 

of 0.01 – 100 sec
-1

 at 190 °C. The PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites 

illustrate a rise in complex viscosity values with increasing LDH concentration in the lower 

frequency region, which is slowly quenched as the frequency increases. The primary cause for 

this trend is adhesion between the LDH and PS and the cohesive interactions in the LDH 

layers. This also explains that the addition of LDH influences more frictional interactions. A 

transition from Newtonian behaviour to a shear thinning nature is also observed with 

increasing frequency. This is due to the fact that polymer chains have less time to entangle 

and the direction of randomly dispersed nanofiller is also turned according to the 

macromolecular chains at higher frequency. As a result, PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites profiles move near to PS curve and all samples exhibit similar trend at higher 

frequency (see Figure 4.20). 
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Figure 4.19: Loss factor of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH          

nanocomposites at 190 °C. 
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Figure 4.20: Complex viscosity of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites at 190 °C. 
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4.3.9.4 Theoretical prediction of storage modulus and loss factor values 

For predicting the theoretical values of storage modulus, many researchers developed 

correlations based on their modeling effort to represent inclusion based reinforcement of a 

material. A simplest model equation suggested by Einstein (Majid et al., 2011) is given 

below:  

Gc = Gm (1+1.25Vf)                 (4.17) 

In the above expression, G represent storage modulus, subscript m and c signifies matrix and 

nanocomposite. Correspondingly, volume fraction of the nanoparticle inclusions is denoted by 

Vf. Einstein also provided the following expression:  

Gc = Gm (1+Vf)                 (4.18) 

Based on Einstein equation, Guth (1945) modified the above expressions to provide a 

correlation presented as follows:  

 Gc = Gm (1+ 1.25Vf + 14.1Vf
2
)               (4.19) 

The mixture equation (Majid et al., 2011) is used to indicate upon the damping of rigid fillers 

using tan δ expression:  

tanδc = Vf tanδf + Vm tanδm                 (4.20) 

For rigid inclusion, the first term can be neglected and the equation is written as (Drzal et al., 

1983) 

tanδc = Vmtanδm                 (4.21) 

Further, the equation (Equation 4.21) can be modified as (Tung and Dynes, 1987) 

tanδc = Vm(Gm/Gc)*tan δm                (4.22) 
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where Vm is the volume fraction of the polymer matrix, the subscript m and c represent matrix 

and composite. 

The graph of theoretical and experimental storage modulus values at 190 °C for nanoparticle 

loading by wt.% are shown in Figure 4.21. It was found from all models used (Einstein 

equation (4.17, 4.18) and Guth equation (4.19)) that there was a minor positive deviation from 

the experimental values (see Figure 4.21 (i) and (ii)). However, the Guth model (Equation 

(4.19)) strongly agrees with experimental values whereas the Einstein model (Equation 

(4.18)) shows significant deviation. Karamipour et al. (2011) have obtained similar results for 

PP/CaCO3 nanocomposites. 

For various nanoparticle loadings (as wt.%), the plot of theoretical and experimental tan δ 

values of PS/Co-Al LDH and PS/Ni-Al LDH composites are shown in Figure 4.22. For low 

nanoparticle concentration, both equations fit with the experimental data. However, equation 

(4.21) fits better than equation (4.22) with experimental data. Both equations show departure 

in case of higher concentration of LDHs, as evidenced from Figure 4.22. The deviation shown 

by the models from the experimental values might have been due to the reason that localized 

constraints imposed by the dispersed phase on deformation of PS polymer were ignored by 

both equations.  
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Figure 4.21: Comparison of experimental and theoretical storage modulus values of      

(a) PS/Co-Al LDH and (b) PS/Ni-Al LDH nanocomposites at 190 °C. 
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Figure 4.22: Comparison of experimental and theoretical loss factor values of                

(i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH nanocomposites at 190 °C. 
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4.4 Summary 

Several PS composites were synthesized successfully by dispersing the inorganic nanolayers 

of Co-Al LDH and Ni-Al LDH in PS polymer via solvent blending method. XRD profiles of 

PS nanocomposites showed no diffraction peak corresponding to basal plane (003) of Co-Al 

LDH and Ni-Al LDH, indicating the formation of exfoliated PS/Co-Al LDH and PS/Ni-Al 

LDH nanocomposite. TEM micrographs exhibited that the LDHs platelets were disseminated 

well within PS matrix. The FTIR results verified existence of Co-Al LDH and Ni-Al LDH in 

the PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites, respectively. The WVTR values are 

18, 12.45 and 11.9 gm/m
2
/day for pristine PS, PSCL 7 and PSNL 7 nanocomposites, 

respectively.  

Also, the PS/Ni-Al LDH nanocomposites possessed enhanced glass transition temperature 

than those obtained for PS/Co-Al LDH nanocomposites. At 15% mass loss reference point, 

the thermal decomposition temperature of PS nanocomposites was 10.5 – 28.5 °C higher than 

the pristine PS, while PS/Ni-Al LDH nanocomposites was 12.3 – 29.1 °C more than the 

degradation temperature of pristine PS.  

The activation energy of PS/Co-Al LDH nanocomposites (20 – 49 kJ/mol) and PS/Ni-Al LDH 

nanocomposites (23 – 50 kJ/mol) is higher than that of pristine PS. The obtained IPDT and 

activation energy data is in complete agreement with the thermal stability improvement 

analysed for PS/LDH nanocomposites using TGA data. Thermal degradation mechanism 

analysis conveyed that the thermal degradation of nanocomposites followed F1 reaction 

mechanism initially followed with A4 mechanism at higher temperature. Rheological studies 

conveyed that the storage modulus and loss modulus increased with increasing content of 
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LDH and is less dependent on frequency variation at higher frequency. However, the complex 

viscosity reduces with increasing angular frequency. 

In summary, the Ni-Al LDH based nanocomposites demonstrated better properties than Co-Al 

LDH based nanocomposites. This might be due to two step fabrication process for Ni-Al LDH 

nanocomposite which was not the case for the single step process adopted for Co-Al LDH 

nanocomposites. Further research in this direction could be useful to provide deeper insights 

with respect to improvements in the procedures involved in solvent blending method. 

 

 

 

 

 

 

 

  

 

 

 

 

 

TH-1665_126107001



  

  

  

  
  

  

  

  

CChhaapptteerr  55:: 

  

FFaabbrriiccaattiioonn  aanndd  CChhaarraacctteerriizzaattiioonn  ooff  

PPSS//CCoo--AAll  LLDDHH  aanndd  PPSS//NNii--AAll  LLDDHH  

NNaannooccoommppoossiitteess  vviiaa  MMeelltt  BBlleennddiinngg  

MMeetthhoodd  

  

  
 
 

 
 

 

  

  

TH-1665_126107001



 

 

Chapter 5 

Fabrication and Characterization of PS/Co-Al LDH and 

PS/Ni-Al LDH Nanocomposites via Melt Blending Method 

 

This chapter addresses the preparation and characterization of melt blending based PS/Co-Al 

LDH and PS/Ni-Al LDH nanocomposites in the nanofiller loading range of 1 – 7 wt.%. Twin 

screw extruder was deployed to fabricate 1, 3, 5 and 7 wt.% nanofiller containing 

nanocomposites using melt intercalation method.  Structural, mechanical and thermal 

properties of the prepared nanocomposites were investigated. The structural properties of the 

polymer nanocomposites were evaluated using XRD and TEM. The mechanical properties of 

various nanocomposites were evaluated with tensile, flexural and impact tests. The thermal 

characterizations were carried out with DSC and TGA. The activation energy and reaction 

mechanism associated to thermal degradation of pristine PS and its nanocomposites were 

evaluated with Coats-Redfern and Criado model, respectively. IPDT determination as well 

confirmed upon thermal stability enhancement in nanocomposites. Overall, among all 

samples, PS/Ni-Al LDH samples possess improved thermal and mechanical properties. 

 

5.1 Introduction 

 
In the recent past, polymer nanocomposites received significant research interest in 

both industry and academia. This is due to their ability to provide a further improvement of 

material properties such as thermal stability, mechanical strength, fire retardancy and gas 

barrier performance (Nyambo et al., 2008; Realinho et al., 2009; Mallakpour and Dinari, 
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2014). These property enhancements are due to the layered distribution of inorganic material 

in the polymer matrix.   

The available literature is affirming upon several approaches for polymer 

nanocomposites preparation (Moet and Akelah, 1993; Ding and Qu, 2005; Du et al., 2007; 

Paul et al., 2013; Yeh et al., 2004; Qiu and Qu, 2006; He et al., 2006; Majoni, 2015; Tai et al., 

2011; Zhang et al., 2008; Wu et al., 2002; Zhao et al., 2003;
 
Chen and Wang, 2007). Using 

acetonitrile as a solvent, Moet and Akelah (1993) fabricated PS nanocomposites. The authors 

reported intercalation in PS/clay composites with a maximum basal spacing of 2.54 nm. Ding 

and Qu (2005) prepared PS/Zn-Al LDH nanocomposites through emulsion polymerization 

with N-lauroyl-glutamate surfactants. For 10 wt.% Zn-Al LDH loading, the authors achieved 

completely exfoliated PS/LDH nanocomposites. Du et al. (2007) obtained nylon 6/Mg-Al 

LDH nanocomposites via melt intercalation of nylon 6 with interlayers of organomodified 

Mg-Al LDH. Their XRD results demonstrated that too high LDH loading makes it difficult 

for LDH layers to undergo exfoliation. Paul et al. (2013) and Yeh et al. (2004) prepared clay 

based PS nanocomposites using solution intercalation technique and in-situ thermal 

polymerization method, respectively. The authors inferred that the nanocomposites possessed 

enhanced thermal stability due to nanofiller incorporation in the polymer matrix. Adopting 

emulsion polymerization, Qiu and Qu (2006) prepared PS/Mg-Al LDH composites and 

observed that for 50% mass loss reference point, the thermal stability of PS/Mg-Al 

nanocomposites with 5 wt.% LDH loading is 19 °C higher than that of pristine PS. In another 

study, the crystallisation temperature enhanced (upto 2 °C) for PS/Zn-Al LDH composites 

prepared by solvent blending technique with 3 wt.% loading of Zn-Al LDH (He et al., 2006). 

Enhanced thermal and flammability properties for the PS/LDH composites have also been 

conveyed by other researchers (Majoni, 2015; Tai et al., 2011). Zhang et al. (2008) 
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synthesized ethylene-vinyl acetate copolymer (EVA)/Zn-Al LDH nanocomposties via melt 

and solution intercalation technique. The mechanical test demonstrated that the tensile 

strength of the nanocomposites is 2.5 – 4.8 MPa higher than pure EVA. Poly (ethylene 

terephthalate)/clay composite was fabricated and precisely examined for its thermal oxidative 

degradation behavior by Wu et al. (2002) and Zhao et al. (2003).
 
Chen and Wang (2007) 

studied thermal degradation kinetics and reaction mechanism of PP nanocomposites that were 

fabricated with twin-screw extruder.  

An elaborate review of the carried out work till date indicates that the synthesis of 

PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites using melt compounding method has not 

been conducted and reported. Hence, this chapter aims to fulfill this objective i.e., to analyze 

the influence of LDHs on the properties of melt compounding based PS nanocomposites. 

Structural, thermal and mechanical characterization studies have been targeted for the 

analyses of the PS nanocomposites. For the nanocomposites, based on the TGA data, thermal 

degradation kinetics and reaction mechanism have also been analyzed using Coats-Redfern 

and Criado model, respectively.  

5.2 Materials and methods 

 
5.2.1 Material 

The chemicals used for the synthesis of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites 

have been discussed in section 4.2.1 of the thesis. 

5.2.2 Preparation of modified Co-Al LDH and Ni-Al LDH 

The procedure for the synthesis of modified Co-Al LDH and Ni-Al LDH has been 

summarized in sections 2.2.2 and 2.2.4, respectively in the Ph.D. thesis. 
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5.2.3 Preparation of PS/LDHs nanocomposites  

A co-rotating twin-screw extruder was used to prepare PS/Co-Al LDH and PS/Ni-Al 

LDH nanocomposites using melt compounding method. Initially, moisture from pristine PS 

and Co-Al LDH was removed by drying the samples for 16 h at 60 °C and 70 °C, 

respectively. Further, the Co-Al LDH (1, 3, 5 and 7 wt.% with respect to pristine PS) was 

dispersed in 100 mL methanol. The solution was sprayed on a precise quantity of pristine PS 

pellet for ensuring uniform distribution of Co-Al LDH on the pristine PS matrix. Subsequent 

drying step for 24 h facilitated methanol evaporation from the samples. The coated PS pellets 

were fed to the extruder (Model: ZV-20 HI-Torque; Make: Specifiq Engineering and 

Automats, India) that was operated at a temperature of 185, 195, 210 and 200 °C, for feed, 

metering, compression and adaptor zones, respectively. After operation, extrudate was 

thoroughly quenched with water at ambient condition and was cut into pellets and dried using 

hot air oven at 60 °C for 24 h. Thereafter, dried pellets were fed to injection molding 

equipment (Model: 180 High Pressure; Make: JSW, Japan) that was operated at 195 – 210 °C. 

This step was followed to achieve samples for mechanical characterization studies. As 

controls and reference set, a clean PS sample was also prepared using similar procedure 

without LDH. In summary, the experimental investigations allowed fabrication of samples 

designated as Co-Al LDH, PS, PSNL 1, PSNL 3, PSNL 5 and PSNL 7 to represent cobalt-

aluminum LDH, polystyrene, PS/Co-Al LDH 1 (wt.%), PS/Co-Al LDH 3 (wt.%), PS/Co-Al 

LDH 5 (wt.%), and PS/Co-Al LDH 7 (wt.%), respectively. Similarly, a series of PS/Ni-Al 

LDH nanocomposites containing (1 – 7 wt.% of LDH) were also prepared using above 

described procedure for comparison with the properties of PS/Co-Al LDH nanocomposites.  
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Figure 5.1: Schematic preparation of PS/LDHs nanocomposites. 
 
 

 

For Ni-Al LDH based nanocomposites, the sample nomenclature refers to PSNL 1, PSNL 3, 

PSNL 5 and PSNL 7  for PS/Ni-Al LDH 1 (wt.%), PS/Ni-Al LDH 3 (wt.%), PS/Ni-Al LDH 5 

(wt.%), and PS/Ni-Al LDH 7 (wt.%) samples respectively. The experimental procedure 

followed for the preparation of nanocomposites is presented in Figure 5.1. 

 
 

5.2.4 Characterization 

X-ray diffractometer (Model no: D8 Advance; Make: Bruker, Germany) facilitated 

with Cu-Kα radiation (0.15406 nm wavelength) and Ni filter was used to obtain XRD profiles 

at room temperature for Ni-Al LDH, pristine PS and PS nanocomposites. Further, the 

structural morphology of the PS nanocomposites was evaluated with transmission electron 

microscopy analysis, using TEM instrument (Model: JEM 2100; Make: JEOL, Japan) 
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operated at 200 kV accelerating voltage. Fourier transform infrared analyser (Model:  

IRAffinity1; Make: Shimadzu, Japan) was used to record FTIR spectra at room temperature in 

the range of 400 – 4000 cm
−1

. Mechanical characterization studies involved evaluation of 

impact strength, tensile, and flexural properties of the nanocomposites. Specimens having 

dimensions of 168×13×3 mm
3
 of pristine PS and the nanocomposites were evaluated for 

tensile strength and modulus using ASTM D 638 method and INSTRON (M 3382, UK) 

universal testing machine. The nanocomposites along with pristine PS specimens of 

dimension of 126×13×3 mm
3
 were taken for flexural tests which were carried out using 

universal testing machine INSTRON (M 3382, UK) and ASTM D790 test method. 

Impactometer (M/s Tinius Olsen, USA) was used to conduct impact strength measurements 

(specimens having dimension of 62×13×3 mm
3
). For each case, six specimens were tested 

and average value has been reported. Thermal stability of the prepared samples was 

determined under nitrogen atmosphere with a flow rate of 60 mL/min using high temperature 

thermo-gravimetric analyser (Model no: TGA 851e/LF/1100; Make: Mettler Toledo, 

Switzerland) at 10 °C/min heating rate and 30 – 700 °C temperature range.  DSC instrument 

(Model no: 1; Make: Mettle Toledo, Switzerland) operated at 5 °C/min heating rate under 

nitrogen environment (and 40 mL/min) was used to determine glass transition temperature of 

pristine PS and other nanocomposite samples.  

 

5.3 Results and discussion 

5.3.1 XRD analysis 

XRD analysis facilitates evaluation of the degree of intercalation and exfoliation in 

LDHs based nanocomposites. In such materials, these features are dependent upon several 
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factors such as LDH composition, organic modifier’s chemical nature and method of 

fabrication. For intercalated nanocomposites, d-spacing (defined as d003 or 003 peak is shifted 

to lower angle) is higher than that of the original LDH. The exfoliated nanocomposites exhibit 

well separated inorganic layer from one another with no peaks corresponding to basal plane 

(003) and good distribution of nanofillers in the polymer matrix. The intercalation extent of 

LDH in PS is based on the LDH interlayer spacing evaluated using Bragg’s law (gallery 

height or d003 spacing determined using expression nλ = 2dsinθ, where n = 1 and λ correspond 

to X-ray wave length (1.5406 Å)) (Hwu et al., 2004). 

Figure 5.2 depicts XRD diffractograms of Co-Al LDH, Ni-Al LDH, pristine PS, 

PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites. The XRD patterns convey that for Co-Al 

LDH, d003 peak exists at 3.14° with a basal spacing of 2.8 nm (see Figure 5.2 i (a)). The 

amorphous nature of pristine PS is characteristically reflected in two small halos that are 

centered at 2θ values of 10 and 20
o
 (Botan et al., 2012). No peaks corresponding to d003 at 

lower angles can be observed for PS/Co-Al LDH nanocomposite samples (Figure 5.2 i (c-f)). 

Similarly, it is also noticed that (003) peak is absent in PS/Ni-Al LDH nanocomposites [see 

Figure 5.2 (ii)]. 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.  
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Figure 5.2: XRD patterns of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH nanocomposites. 
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Qiu et al. (2005) also obtained exfoliated structure for PS/Zn-Al LDH 10 (10 wt.% 

LDH loading) nanocomposites. Similar intercalated and exfoliated nanostructures have been 

reported for melt blending based PMMA/OMMT (Kumar et al., 2014) and PP/Ni-Al LDH 

(Kakati et al., 2012) samples, respectively. Also, it is apparent that the results obtained from 

XRD analysis cannot be considered on their own and additional analysis using TEM is 

required to assess upon the extent of dispersion (Morgan and Gilman, 2003).  

 

5.3.2 TEM analysis 

For the PS nanocomposites, the extent of dispersion and distribution of LDH fillers in 

the polymer matrix has been investigated using TEM microscopy. The TEM images of 

prepared PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites are shown in Figure 5.3 (i) and 

5.3 (ii), respectively. Figure 5.3 (i) depict the Co-Al LDH layers microstructure in the PS 

matrix. Figure 5.3 i (a) depicts TEM image for PSCL 1 sample and the pertinent dark lines 

and bright region signify LDH galleries and PS matrix, respectively. Black arrows have been 

presented in the figure to indicate LDH layers. Based on the image analysis, it can be inferred 

that LDH layers got totally exfoliated in the matrix and do not exhibit ordered stack structure. 

The TEM image of PSCL 3 sample depicted in Figure 5.3 i (b) involves arrows and circle 

mark to signify exfoliated and intercalated structure, respectively. Thus, the TEM image of 

the sample conveys that the sample refers to the partially exfoliated structure. Similar 

morphology with mixed exfoliation characteristics was reported by Alansi et al. (2015) for 

PS/LDH nanocomposites with 4% loading of inorganic filler (Mg-Al LDH). The TEM image 

of PSCL 5 and PSCL 7 nanocomposites depicted in Figure 5.3 i (c) and (d), respectively 

constitute circles indicating intercalated regions and stacked LDH layers. This conveys that 

the intercalated structure is attained at higher loading of the nanofiller.  
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Figure 5.3 (i): TEM images of (a) PSCL 1, (b) PSCL 3, (c) PSCL 5 and (d) PSCL 7 

nanocomposites.

(a) 

(c) 

(b) 

(d) 
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Figure 5.3 (ii): TEM images of (a) PSNL 1, (b) PSNL 3, (c) PSNL 5 and (d) PSNL 7 

nanocomposites. 

 

 

 

 

(a) (b) 

(c) (d) 
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Similar intercalated structures have been reported by Qiu et al. (2005) for PS/Zn-Al 

LDH nanocomposites for higher values of inorganic filler loading. It can be observed from 

Figure 5.3 ii (a) that Ni-Al LDH layers are dispersed in exfoliated form in polymer matrix for 

PSNL 1 sample. While the mixed morphology i.e partially intercalated and exfoliated, is 

exhibited in PSNL 3 sample (see Figure 5.3 ii (b)), intercalated structure is attained for   

PSNL 5 and PSNL 7 nanocomposites (Figure 5.3 ii (c and d)). 

 

5.3.3 FTIR analysis 

FTIR analysis was performed to evaluate upon the extent of nanofiller incorporation in 

the PS polymer. Absorption bands characterizing modified Co-Al LDH, pristine PS and PS 

nanocomposites are presented in Figure 5.4 (i). For Co-Al LDH (Figure 5.4 i (a)), a broader 

peak at 3500 cm
-1

 affirms upon O-H stretching of hydrogen-bonded metal hydroxide and 

interlayer water molecules of Co-Al LDH. The peaks at 2848 cm
-1

, 2920 cm
-1

 and 2957 cm
-1 

are ascribed to C-H stretching vibration. The prominent peak at wavenumber of 1630 cm
-1

 is 

designated as the bending mode of water molecule. The two peaks at 1063 cm
-1

 and 1218 cm
-1

 

signify asymmetric and symmetric vibration of sulfate from dodecyl sulfate anion, 

respectively (Qiu et al., 2005). The FTIR of pristine PS (Figure 5.4 i (b)) indicates 

characteristic absorption bands due to aromatic C-H and aliphatic C-H stretching vibration at 

3070 cm
-1

 and 2930 cm
-1

, respectively. Peaks observed at 1504 cm
-1

 and 1496 cm
-1

 have been 

analyzed due to C=C bending vibration (Wang et al., 2004). Vibrational mode of CH2 

bending is located at 1453 cm
-1

 and 1368 cm
-1

. The characteristic peak at 698 cm
-1

 is 

designated to mono-substituted benzene. Incidentally, the FTIR spectra of PS nanocomposites 

(Figure 5.4 i (c-f)) convey few new peaks in comparison with Figure 5.4 i (b). In these, the 
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absorption band at 3500 cm
-1

 is designated for the existence of O-H stretching modes of 

interlayer water molecules. The medium sharp peak at 1630 cm
-1

 indicates bending mode of 

water molecules. The characteristic peak at 1218 cm
-1

 indicates symmetric vibration of sulfate 

from dodecyl sulfate anion. The FTIR spectra confirm that Co-Al LDH have been included in 

the PS polymer and melt intercalation enables the formation of PS/Co-Al LDH 

nanocomposites.  

Figure 5.4 (ii) depicts spectra obtained from FTIR analysis for Ni-Al LDH, pristine PS 

and PS nanocomposites. For Ni-Al LDH (Figure 5.4 ii (a)), lattice vibration bands have been 

observed at 400 – 800 cm
-1

 (Ni-O, Al-O, O-Al-O modes) (Wang et al., 2009). The Ni-Al LDH 

has a characteristic peak at 1063 cm
-1

 (asymmetric vibration (vo S=O) of sulfate from dodecyl 

sulfate anion), 1218 cm
-1

 (symmetric vibration (vS=O) of sulfate from dodecyl sulfate anion) 

(Costa et al., 2008), 2850 cm
-1

 (stretching vibration of CH3 found in the modifier SDS), 2920 

cm
-1

 (stretching vibration of CH2 found in the modifier SDS), 3528 cm
-1 

(O-H stretching 

vibration of metal hydroxide layer and interlayer water molecules) (Alansi et al., 2015). 

Figure 5.4 ii (b) affirmed existence of several absorption bands in pristine PS. These refer to 

the wavelengths of 698 cm
-1

 (mono-substituted benzene), 1368, 1453 cm
-1

 (vibrational mode 

of CH2 bending), 1496, 1504 cm
-1

 (C=C bending vibration), 2930 cm
-1

 (aliphatic C-H 

stretching vibration), 3070 cm
-1

 (aromatic C-H stretching vibration). Compared with Ni-Al 

LDH (Fig. 5.4 ii (a)) and pristine PS (Figure 5.4 ii (b)), the PS nanocomposite (PSNL 1, 

PSNL 3, PSNL 5 and PSNL 7) samples (Figure 5.4 ii (c-f)) exhibit fewer new absorption 

peaks at 1218 cm
-1 

(symmetric vibration of sulfate from dodecyl sulfate anion), 3528 cm
-1

 (O-

H stretching vibrations) and 400 – 800 cm
-1 

(lattice vibration bands (Ni-O, Al-O, O-Al-O 

modes)).  
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Figure 5.4: FTIR spectra of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH nanocomposites. 
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The FTIR analysis of various samples and their comparative assessment indicates that 

LDH layers are well dispersed in the PS polymer matrix. Similar trends have been reported by 

Wang et al. (2004) for MMT dispersed in PS polymer matrix. 

 

5.3.4 Tensile properties 

A primary goal of LDH nanofiller reinforcement into the PS matrix is to enhance 

mechanical properties of the nanocomposites in conjunction with the pristine PS. As LDH 

loading increases, tensile strength and modulus of nanocomposites increases (see Figure 5.5). 

This is due to the incorporation of LDH into the composite system, which enhances stiffness 

and rigidity of polymer nanocomposites. A sharp enhancement in tensile modulus for very 

small LDH loading (1 wt.%) can be observed in the figure. However, the subsequent 

enhancement in tensile modulus was not significant upto 7 wt.% LDH loading (see Figure 

5.5). In this regard, it can be observed that Genity et al. (1992) conveyed that filler modulus, 

filler loading and filler aspect ratio are three main factors to enhance the composite modulus.  

The tensile strength and modulus of pristine PS and PS/Co-Al LDH nanocomposites 

have been presented in Figure 5.5 (i). The tensile strength for pristine PS and PS 

nanocomposites containing 1, 3, 5 and 7 wt.% Co-Al LDH is found to be 29.01, 38.5, 35.62, 

31.91 and 30.02 MPa, respectively. Similarly, Figure 5.5 (ii) depicts the tensile strength and 

modulus profiles of PS and PS/Ni-Al LDH nanocomposites. Compared to pristine PS and all 

other nanocomposites, PSNL 1 sample exhibited highest tensile strength of 39.01 MPa (36.29 

MPa for PSNL 3, 32.30 MPa for PSNL 5, 30.22 MPa for PSNL 7 and 29.01 MPa for pristine 

PS samples). Stronger interfacial interactions (between LDH and PS) facilitated due to 

maximum exfoliation in the structure are responsible for maximum tensile strength values at 
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lower LDH loading (1 wt.%). Similar trends have been reported by Li et al. (2009) for ZnO 

nanoparticles embedded polyurethane polymer composites. The marginal reduction in tensile 

strength for higher loading of inorganic nanofiller (3 – 7 wt.%) is possibly due to non-uniform 

distribution of LDH layers in the polymer along with agglomeration and segregation to 

thereby allow formation of weak spots in the nanocomposites. Similar behaviour has been 

reported by Uthirakumar et al. (2005b) for clay loaded PS polymer nanocomposites. Further, 

Tanniru et al. (2006) elaborated that clay filler aggregation in polyethylene nanocomposites 

facilitates concentration of stress field at the aggregates thereby triggering easy crack 

propagation and rapid premature failure.  

The tensile modulus profiles of pristine PS and its nanocomposites have been 

demonstrated in Figure 5.5. The tensile modulus value obtained for PSCL 1 nanocomposite (1 

wt.% Co-Al LDH loading) is 20% more than that obtained for PS polymer. In comparison 

with pristine PS, the tensile modulus for PS/Ni-Al LDH nanocomposites exhibit significant 

enhancement with the highest tensile enhancement for PSNL 1 sample (23% higher value). 

This conveys that the incorporation of LDH nanofiller in PS polymer significantly improved 

its tensile modulus.  
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Figure 5.5: Tensile properties of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites. 
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For further increase of LDH loading from 3 to 7 wt.%, the improvement in tensile modulus 

value is found to be lower as compared to the value obtained for PS nanocomposite with 1 

wt.% LDH. This is due to the defects induced by LDH agglomeration and subsequent 

enhancement in the brittleness of the PS. 

 

5.3.5 Flexural properties 

The Co-Al LDH content effect on the flexural strength and flexural modulus of PS 

nanocomposites is illustrated in Figure 5.6 (i). The pristine PS exhibits a flexural strength of 

54.08 MPa. The PSCL 1 (1 wt.% Co-Al LDH loading) nanocomposite possesses a maximum 

flexural strength of 65.57 MPa. Composites with higher content of Co-Al LDH loading (3, 5 

and 7 wt.%) indicate reduction in the flexural strength. The flexural strength of PSCL 3, 

PSCL 5 and PSCL 7 nanocomposites is 63.81, 58.40 and 55.16 MPa, respectively. Figure 5.6 

(ii) depicts trends in flexural strength and modulus of pristine PS and PS nanocomposites (1 – 

7 wt.% Ni-Al LDH). The trends confirm that PS/Ni-Al LDH nanocomposites exhibit 

improved tensile strength in comparison with pristine PS. While pristine PS possessed 54.08 

MPa flexural strength, PSNL 1 possessed highest flexural strength of 68.95 MPa followed by 

PSNL 3 (64.46 MPa), PSNL 5 (59 MPa) and PSNL 7 (55.59 MPa) samples. This is due to 

homogeneous and uniform distribution of LDH in the polymer matrix that resulted in 

maximum exfoliation in the nanocomposite structure at 1 wt.% loading of the inorganic 

nanofiller. At higher loading, LDH agglomeration might have reduced the flexural strength.  
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Figure 5.6: Flexural properties of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites. 
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Also, several factors such as extent of intercalation, orientation and distribution of LDH 

platelets in stress/load direction have been reasoned to influence the flexural properties of 

polymer nanocomposite materials. Chow et al. (2008) also inferred upon the enhancement in 

flexural strength for nanocomposites compared with pristine polymer.  

Figure 5.6 depicts trends in flexural modulus of PS and PS nanocomposite. Similar 

trends have been obtained for flexural modulus, given the fact that flexural strength of both 

pristine PS and PS nanocomposites underwent similar variations with variant concentration of 

nanofiller loading. Compared to pristine PS, the flexural modulus of PSCL 1 and PSNL 1 

samples are 10% and 12% higher, respectively. For higher content of LDH loading (3 – 7 

wt.%), the flexural modulus enhancement is not significant. Reasons for such trends are 

similar to those presented for the flexural strength.  

 

5.3.6 Impact strength  

The effect of Co-Al LDH content on the impact strength of the nanocomposites is 

shown in Figure 5.7 (i). The incorporation of Co-Al LDH progressively enhances the impact 

strength of the PS composites. It can be easily seen from the plot that the PSCL 1 

nanocomposite has the highest impact strength (7.95 kJ/m
2
) in comparison with pristine PS 

(6.68 kJ/m
2
). Figure 5.7 (ii) shows impact strength profiles for PS and PS/Ni-Al LDH 

nanocomposites. Compared to pristine PS, the impact strength for all PS nanocomposites 

enhanced significantly. The impact strength for PS/Ni-Al LDH sample with 1 wt.% LDH 

loading is 22% higher in comparison with pristine PS. Yuan et al. (2009) reported 50% 

enhancement in impact strength for 0.32 wt.% nanofiller loaded PS-m-MWCNT 

nanocomposites.  
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Figure 5.7: Impact strength of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH nanocomposites. 
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Similarly, Yilmazer and Ozden (2006) opined that 1.6 wt.% organoclay loaded PS 

nanocomposites possessed 4% higher impact strength than that of pure PS. This is attributed 

to the fact that LDH is homogenously distributed at lower loading in the PS. For higher 

loading of LDH cases (3, 5 and 7 wt.%), the impact strength did not enhance significantly 

compared to PS samples and was lower than that of the PS sample with 1 wt.% LDH loading. 

The addition of LDH to polymer matrix contributed to an enhancement in the immobilization 

of macromolecular chains. This increases brittleness of PS and thereby decreases impact 

strength. Further, it is to be noted that nanoparticle migration in polymer nanocomposites is 

restricted and hence energy dissipation is as well reduced. Therefore, during impact test, it is 

hypothesized that nanocomposites have a tendency to absorb less energy and undergo 

deformation and break easily (Mohanty and Nayak, 2010). This is attributed to the fact that 

exfoliated layers of Ni-Al LDH are homogenously distributed at lower loading in the PS 

polymer. It is also noticed that Ni-Al layers are more effectively dispersed in PSNL 1 

nanocomposite and therefore it exhibits higher impact strength as compared to pristine PS and 

other nanocomposites samples.  

 

5.3.7 DSC analysis 

The DSC analysis was conducted to evaluate the effect of nanofiller on the molecular 

mobility of PS chains in the polymer nanocomposite. This is typically reflected in the Tg of 

the sample. For various samples including pristine PS and PS nanocomposites, results 

obtained from DSC analysis have been presented in Figure 5.8 and the Tg has been evaluated 

as the value corresponding to inflection point of onset and end-set temperature profiles.  
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Figure 5.8: DSC curves of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH nanocomposites. 
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For pristine PS, PSCL 1, PSCL 3, PSCL 5 and PSCL 7, the Tg values are 68.1, 69.9, 

71, 71.9 and 72.2 °C, respectively (see Figure 5.8 (i)). This indicates that Co-Al LDH addition 

into the PS matrix enhanced Tg gradually with increasing inorganic filler content. From the 

DSC analysis, it can be noticed that Tg of PSCL 7 is 4.1 °C more than the Tg of pristine PS 

(see Figure 5.8 (i)). Similarly, for pristine PS, PSNL 1, PSNL 3, PSNL 5 and PSNL 7, the Tg 

values are 68.1, 70.5, 71.2, 72.1 and 72.4 °C, respectively. For the PSNL 7 sample, the Tg 

value is 4.3 °C higher that of the pristine PS sample (see Figure 5.8 (ii)).  

This is probably due to the restriction or hindrance of polymer chain motion in the 

nanocomposite that has been brought forward due to inclusion of the inorganic nanofiller. 

Similar insights have been presented by Zidelkheir et al. (2006) who inferred that the 10 wt.% 

PS/clay nanocomposites possessed 4 °C higher Tg values than the pristine PS polymer. Kumar 

et al. (2014) prepared PMMA/clay nanocomposites using solvent blending method. They 

reported that the Tg of nanocomposites is 0.9 – 2.6 °C more than that of pristine PMMA. In 

the work of Kuila et al. (2011), around 2 °C enhancement in Tg was observed for 

PMMA/graphene nanocomposites with 0.1 wt.% graphene loading.   

 

5.3.8 Thermogravimetric analysis 

TGA analysis was conducted to evaluate the comparative thermal degradation/stability 

of PS/LDHs nanocomposites in comparison with pristine PS. Figure 5.9 (i) depicts TGA 

profiles of pristine PS, and PS/Co-Al LDH nanocomposite samples. While the shape of the 

TGA curves of nanocomposite and parent polymer are similar, the thermal stability of the 

nanocomposite is evaluated to be higher. This is due to the fact that LDH only undergoes 

degradation at higher temperature. The data obtained from these curves is enlisted in Table 
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5.1. Choosing 15% mass loss as a reference, the thermal degradation temperatures for pristine 

PS and its nanocomposites samples having 1, 3, 5 and 7 wt.% of Co-Al LDH have been 

evaluated as 358, 367.4, 375.3, 380.8 and 384.1 °C respectively. Hence, all nanocomposites 

exhibited higher thermal degradation temperatures than those obtained for pristine PS. 

Thermal degradation temperature of PS nanocomposites with 1, 3, 5 and 7 wt.% Co-Al LDH 

loading is 9.4, 17.3, 22.8 and 26.1 °C higher in comparison with pristine PS, respectively. 

Also, the PSCL 7 nanocomposite (7 wt.% Co-Al LDH loading) possesses highest thermal 

stability. Similarly, Figure. 5.10 (i) illustrates TGA curves of pristine PS and PS/Ni-Al LDH 

nanocomposites. Quantitative information with respect to mass loss at various temperature 

values has been presented in Table 5.1 for pristine PS and all polymer nanocomposite 

samples. It could be inferred from Table 5.1 that the degradation temperature corresponding 

to 15% mass loss (T15%) of PS nanocomposites samples depicts significant enhancement with 

respect to pristine PS, thereby indicating increased thermal stability. Moreover, the 

enhancement can be observed to be proportional to Ni-Al LDH content in the PS polymer. 

The T15% for pristine PS is 358 °C, which got further enhanced by 11, 20.1, 25.3 and 27.4 °C 

for PSNL 1, 3, 5 and 7 samples, respectively. The observed enhancement in higher 

degradation temperature is due to the incorporation of the inorganic nanofiller in PS polymer 

matrix (Bhanvase et al., 2012). Among all nanocomposites, PSNL 7 exhibited highest thermal 

stability (Table 5.1). Such behaviour is reasoned due to the presence of barrier effect of LDH 

lamellar layers which limit emission of produced degradation gases and heat transmission. 

This eventually contributes to improved thermal stability of nanocomposite materials.  

Figure 5.9 (ii) and 5.10 (ii) illustrates DTG curves of PS and PS/LDHs 

nanocomposites. The peaks in Figure 5.9 (ii) and 5.10 (ii) convey Tmax of the prepared 

samples.  
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Figure 5.9: (i) TGA and (ii) DTG curves of PS and PS/Co-Al LDH nanocomposites. 
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Figure 5.10: (i) TGA and (ii) DTG curves of PS and PS/Ni-Al LDH nanocomposites. 
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It could be inferred from Figure 5.9 (ii) and 5.10 (ii) that Tmax peaks of the DTG curves of PS 

nanocomposites exhibit shift towards higher temperature as compared to pristine PS, thus 

indicating enhancement in thermal stability. The Tmax for pristine PS, PSCL 1, PSCL 3, PSCL 

5 and PSCL 7 nanocomposites have been obtained to be 415.7, 417.7, 420, 421.3, and 421.8 

°C, respectively. Similarly, the PS/Ni-Al LDH nanocomposites possess an enhancement in 

Tmax by about 2.4 – 6.8 °C over pristine PS. 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. 

Thus, both TGA and DTG analysis based trends essentially confirm upon enhanced thermal 

stability of the polymer due to the incorporation of LDH layers in the polymer matrix.  

Table 5.1: Thermal degradation temperatures of pristine PS, PS/Co-Al LDH and  

PS/Ni-Al LDH nanocomposites. 

Sample 
Temperature at 15% 

weight loss (T15) °C 
ΔT15% (

 
°C ) Tmax (

 
°C ) 

PS 358.0 - 415.7 

PSCL1 367.4 9.4 417.7 

PSCL 3 375.3 17.3 420 

PSCL 5 380.8 22.8 421.3 

PSCL 7 384.1 26.1 421.8 

    

PSNL1 369.0 11.0 418.1 

PSNL 3 378.1 20.1 420.5 

PSNL 5 383.3 25.3 421.7 

PSNL 7 385.4 27.4 422.5 
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5.3.9 Kinetics analysis 

5.3.9.1 Coats-Redfern method 

The kinetic analysis of thermal degradation process for pristine PS and PS/LDH 

nanocomposites has been conducted to understand degradation behaviour of composites in 

comparison with pristine PS. Coats-Redfern method (Coats and Redfern, 1964) was deployed 

for the kinetic analysis. Compared to other kinetic models, the method requires only single 

but not multiple heating data. Using the Coats-Redfern method, for each thermogravimetric 

curve corresponding to a precise heating rate, kinetic parameters (Ea, n and A) can be 

obtained. To do so, the left side expressions in equation (4.10 a and 4.10 b) have been plotted 

with respect to 
1

T
 for visualization as a straight line plot with slope and intercept as activation 

energy and pre-exponential factor, respectively. In this regard, it is important to note that the 

intercept is determined by considering the expression containing the term 2
1

a

RT

E

 
 

 

as 1. To 

determine the value of n, different values of n have been assumed and regression coefficient 

of plots corresponding to various n values have been compared and the n value for which best 

regression coefficient value was obtained has been inferred as the n value for the measured 

data. Figure 5.11 depicts linear fitness plots of Coats-Redfern model for pristine PS, PSCL 1, 

PSCL 3, PSCL 5 and PSCL 7 nanocomposites and different n values. The obtained kinetic 

parameter values including A, Ea and n for the prepared samples are enlisted in Table 5.2. The 

evaluated Ea values for pristine PS, PSCL 1, PSCL 3, PSCL 5 and PSCL 7 are 88.1, 106.2, 

122.3, 130.3, and 133.4 kJ/mol.  
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Figure 5.11: Coats-Redfern model fitness plots for (a) pristine PS, (b) PSCL 1,              

(c) PSCL 3, (d) PSCL 5 and (e) PSCL 7 nanocomposites. 
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Figure 5.12: Coats-Redfern model fitness plots for (a) pristine PS (b) PSNL 1,               

(c) PSNL 3, (d) PSNL 5 and (e) PSNL 7 nanocomposites. 

TH-1665_126107001



Chapter 5 

 

 190 

Table 5.2: Thermal degradation kinetic parameters obtained from Coats-Redfern 

method for pristine PS, PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites. 

Sample Ea(kJ/mol) A n R
2 

PS 88.1 7.95×10
5
 0.2 0.996 

PSCL 1 106.2 2.51 × 10
7
 0.4 0.996 

PSCL 3 122.3 3.46 × 10
8
 0.4 0.997 

PSCL  5 130.3 9.41 × 10
8
 0.4 0.996 

PSCL 7 133.4 2.18 × 10
9
 0.4 0.996 

     

PSNL 1 108.5 4.70×10
7
 0.4 0.997 

PSNL 3 125.4 5.99×10
8
 0.4 0.997 

PSNL 5 132.2 2.01×10
9
 0.4 0.998 

PSNL 7 134.8 3.15×10
9
 0.4 0.998 

 

Similarly, Figure 5.12 illustrates the linear fitness plots of the model for pristine PS and 

PS/Ni-Al LDH nanocomposites. The evaluated Ea values for PS, PSNL 1, PSNL 3, PSNL 5 

and PSNL 7 samples are 88.1, 108.5, 125.4, 132.2, and 134.8 kJ/mol. Thus, the activation 

energy for nanocomposite degradation enhanced by 20.4 – 46.7 kJ/mol in comparison with 

the value obtained for pristine PS. This is due to the enhanced thermal stability of the 

nanocomposite samples. The obtained data are in good agreement with TGA results. 

  

5.3.9.2 Criado method for the reaction mechanism analysis 

Criado method (Criado et al., 1989) involves reaction mechanism determination using 

Ea, A and n evaluated from Coats-Redfern method. Relevant expressions for the solid-phase 

reactions have been presented in section 4.2.5.2 of the Ph.D. thesis. In the mentioned section, 

while equation (4.15 a) is used to obtain master Z(α) versus α curves (Urbanovici et al. 
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(1999)), equation (4.15 b) is used to represent experimental Z(α) versus α curve. Thereby, 

comparative assessment of master Z(α) versus α curve with experimental Z(α) versus α curve 

enabled prediction of pertinent reaction mechanism of thermal degradation process. This 

analysis was conducted for pristine PS and all nanocomposite samples. 

Figure 5.13 and 5.14 illustrate master and experimental Z(α) versus α curves for 

pristine PS, PS nanocomposites having Co-Al LDH and Ni-Al LDH, respectively. For pristine 

PS (Figure 5.13 and 5.14 (a)), the experimental curve is in good agreement with the master 

curve of Z(F1), thus indicating that the pristine PS thermal degradation process follows F1 

reaction mechanism (random nucleation of one nucleus on individual particle). For the 

nanocomposite samples, (Figure 5.13 and 5.14 (b-e)), the initial phase involved thermal 

decomposition as per F1 reaction mechanism (α < 0.4) followed with gradual transition to A4 

mechanism (nucleation and growth for α = (0.7 – 0.9). Thus, it is apparent that the thermal 

degradation mechanism involved a shift at higher temperature.  
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Figure 5.13: Z(α) versus α plots for various cases (a) pristine PS, (b) PSCL 1,                 

(c) PSCL 3, (d) PSCL 5 and (e) PSCL 7 nanocomposites. 
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Figure 5.14: Z(α) versus α plots for various cases (a) pristine PS, (b) PSNL 1,                 

(c) PSNL 3, (d) PSNL 5 and (e) PSNL 7 nanocomposites. 
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5.3.10 Integral procedure decomposition temperature 

Integral procedure decomposition temperature method (Doyle 1961) was used for 

thermal stability evaluation of prepared pristine PS, PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposite samples. As compared with pristine PS, all nanocomposites exhibit higher 

IPDT, which indicate improved thermal stability of the nanocomposites. The IPDT values of 

pristine PS, PSCL 1, PSCL 3, PSCL 5 and PSCL 7 nanocomposites are 379.1, 386, 399.7, 

407.6 and 412.1 °C, respectively. Similarly, these values for PS/Ni-Al LDH nanocomposites 

with 1, 3, 5 and 7 wt.% Ni-Al LDH loading are 387.1, 401.1, 408.9 and 413.2 
o
C, 

respectively. Thus, PS nanocomposites possess higher IPDT values in comparison with 

pristine PS and hence comparatively improved thermal stability (Table 5.3).  

 

Table 5.3: IPDT results of pristine PS, PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites samples. 

Sample 
Initial Temperature 

(Ti) °C 

Final Temperature 

(Tf) °C 

IPDT (°C) 

PS 50 700 379.1 

PSCL 1 50 700 386 

PSCL 3 50 700 399.7 

PSCL 5 50 700 407.6 

PSCL 7 50 700 412.1 

    

PSNL 1 50 700 387.1 

PSNL 3 50 700 401.1 

PSNL 5 50 700 408.9 

PSNL 7 50 700 413.2 
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5.3.11 Rheological properties 

It is believed that rheology offers an effective way to assess upon the state of 

nanofiller dispersion and to detect the state of interconnecting microstructure of the 

nanocomposites in molten state (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 are known to influence the rheology of polymer melts. The rheological 

properties of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites are discussed here in.    

Rheological studies are very proficient in order to study the processing behaviour, 

content of clay, microstructure dispersion and adhesion between the nanofiller layers as well 

as polymer matrix chains and in between nanofillers and matrix. Usually, polymer 

nanocomposites demonstrate alteration in rheological characteristics (from liquid-like to 

solid-like) with an increase in the nanofiller content. This transition concentration is called the 

percolation threshold.  In the frequency range of 0.01 – 100 sec
-1

, Figure 5.15 and 5.16 depict 

the storage modulus and loss modulus versus angular frequency plot for PS/Co-Al LDH and 

PS/Ni-Al LDH nanocomposites, respectively at 190 °C. As expected, the addition of LDH 

influences the storage and loss modulus and this influence is more pronounced in the lower 

frequency region. Also both moduli increase with increasing nanoparticle content in the both 

nanocomposite systems. Thus both types of nanocomposites hold higher storage moduli and 

loss moduli values than the pristine PS. The storage and loss moduli also increase with respect 

to increment in angular frequency due to the result of nanofiller-polymer matrix and filler-

filler interactions. Same observations were reported by Zidelkheir et al. (2006) for MMT 

based PS nanocomposites prepared by melt intercalative compounding. 
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Figure 5.15: Storage modulus of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites at 190 °C. 
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Figure 5.16: Loss modulus of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites at 190 °C. 
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Figure 5.17 explicates the behaviour of complex viscosity with variation in angular 

frequency (0.01 – 100 sec
-1

) at 190 °C for pristine PS, PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites samples. The plot shows that the complex viscosity gets gently reduced with 

increasing angular frequency. There is an increment in the complex viscosity data with 

increasing filler concentration in the nanocomposites samples. This effect is more noticeable 

at lower frequency region than at higher frequency. This is due to formation of network like 

structures in the PS composites that arise from LDH-LDH and PS-LDH interactions. The 

complex viscosity gets slowly reduced for angular frequency variation from lower to higher 

regime. The plot shows a shift from Newtonian to shear thinning nature (viscosity reduces 

with increasing frequency) which in turn represents either stronger interaction between the PS 

and LDH or enhanced distribution of the LDH in polymer matrix. A similar behaviour was 

reported by Wang and Huang (2013) for polypropylene nanocomposites containing 2 to 8 

wt.% loading of halloysite nanotubes (HNTs). In another study, Kim et al. (2003) also 

reported increment in complex viscosity due to increased clay content in the PS matrix.  
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Figure 5.17: Complex viscosity of (i) PS/Co-Al LDH and (ii) PS/Ni-Al LDH 

nanocomposites at 190 °C. 
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5.3.12 Comparison analysis of preparation method  

Morphological investigations explored nanofiller dispersion in the PS nanocomposite 

using TEM analysis. Figure 4.3 depicts the TEM micrographs of solvent based PS/LDH 

nanocomposites. As suggested by TEM analysis solvent blending based (PSCL 1 and     

PSNL 1), (PSCL 3 and PSNL 3), (PSCL 5 and PSNL 5) and (PSCL 7 and PSNL 7) 

nanocomposites exhibited exfoliated, exfoliated, partially exfoliated and intercalated 

structures, respectively. Considering 15% weight loss as a reference point in the TGA profile, 

compared to pristine PS, the Co-Al LDH and Ni-Al LDH based PS nanocomposites 

demonstrated 10.5 – 28.5 °C and 12.3 – 29.1 °C improvement in thermal stability, 

respectively. The PS/Ni-Al LDH nanocomposites prepared by solvent blending method 

demonstrate higher thermal stability than Co-Al LDH based nanocomposites due to better 

thermal stability of modified Ni-Al LDH than Co-Al LDH. Optimal nanofiller loading for 

solvent blending based PS/LDH nanocomposites is 7 wt.% for both types of nanocomposites 

from thermal property enhancement perspective.  

In the melt blending method, the TEM images (see Figure 5.3) signify that (PSCL 1 and 

PSNL 1), (PSCL 3 and PSNL 3), (PSCL 5 and PSNL 5) and (PSCL 7 and PSNL 7) 

nanocomposites possess exfoliated, partially exfoliated, intercalated and intercalated structure, 

respectively. At 15% weight loss reference point, compared to pristine PS, the decomposition 

temperature of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites are enhanced by 9.4 – 

26.1, and 11 – 27.4 °C, respectively. The tensile strength, flexural strength and impact 

strength of PS/Ni-Al LDH nanocomposite containing 1 wt.% filler content is maximum in 

comparison with pristine PS and all other nanocomposites.  

 

TH-1665_126107001



 

 

Table 5.4: (i) Summary of structural, mechanical properties of PS, PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites. 

 

Sample Solvent 

Blending 

 Melt blending method 

Structural 

Properties 

(TEM) 

 Structural 

Properties 

(TEM) 

Mechanical properties 

 Tensile  

strength (MPa ) 

Flexural  

strength (MPa ) 

Impact  

strength (kJ/m
2
 ) 

PS 
   

29.01 54.08 
6.68 

 

PSCL 1 Exfoliated 
 

Exfoliated 38.5 65.57 
7.95 

 

PSCL 3 Exfoliated 

 Partially 

exfoliated 

 

35.62 63.81 7.31 

PSCL 5 

Partially 

exfoliated 

 

 

Intercalated 31.91 58.40 6.96 

PSCL 7 Intercalated  Intercalated 30.02 55.16 6.77 

       

PSNL1 Exfoliated 
 

Exfoliated 39.01 68.95 
8.15 

 

PSNL 3 Exfoliated 

 Partially 

exfoliated 
36.29 64.46 7.43 

PSNL 5 

 

Partially 

exfoliated 

 

 

Intercalated 32.30 59.00 7.03 

PSNL 7 Intercalated  Intercalated 30.22 55.59 6.82 
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Table 5.4: (ii) Summary of thermal properties of PS, PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

Solvent blending method   Melt blending method  

Temperature at 

15% weight loss 

(T15) °C 

Tmax (°C ) Tg (°C ) 

 Temperature at 

15% weight loss 

(T15) °C 

Tmax (°C ) Tg (°C ) 

PS 360.0 417.0 69.3  358.0 415.7 68.1 

PSCL 1 370.5 419.9 71.8  367.4 417.7 69.9 

PSCL 3 378.2 422.4 73.3  375.3 420.0 71.0 

PSCL 5 384.6 423.9 74.4  380.8 421.3 71.9 

PSCL 7 388.5 424.5 74.8  384.1 421.8 72.2 

        

PSNL1 372.3 420.2 72.2  369.0 418.1 70.5 

PSNL 3 381.5 422.7 73.5  378.1 420.5 71.2 

PSNL 5 387.7 424.3 74.8  383.3 421.7 72.1 

PSNL 7 389.1 424.6 75  385.4 422.5 72.4 
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Overall, PS/Ni-Al LDH nanocomposites exhibit better properties than PS/Co-Al LDH 

nanocomposites (see Table 5.4 (i)).  

It can be concluded that in the case of PS/Ni-Al LDH nanocomposites, higher levels of 

adhesion and dispersion of modified Ni-Al LDH platelets are responsible for enhancement in 

the mechanical properties. For 1 wt.% Ni-Al LDH containing melt blending based 

nanocomposites, exfoliated structure contributes towards improved mechanical properties.  

The nanocomposites prepared by solvent blending method indicate higher thermal 

stability of PS/Ni-Al LDH nanocomposites in comparison with melt blending based PS/Co-Al 

LDH and PS/Ni-Al LDH nancomposites. 

The TEM analysis of both solvent blending and melt intercalation based PS/LDH 

nanocomposites indicates enhanced LDH dispersion in the materials fabricated with solvent 

blending technique. For the technique, delaminated PS/LDH nanocomposites have been 

achieved at lower loading of nanofiller (< 3 wt.%). The melt intercalation technique 

confirmed dominance of intercalation and agglomeration in structural morphology of samples 

prepared with more than 1 wt.% loading of LDH nanofiller. The same samples after 

undergoing extrusion process conveyed deteriorated thermal stability (Table 5.4 (ii)). This 

could be due to thermal degradation of PS polymer at the high working temperature of the 

extruder. Overall, the analysed decay in the thermal stability of melt blending based PS/LDH 

nanocomposites could be due to PS chain scission that was driven by mixing processes and 

nanofiller-PS interactions at higher temperatures maintained in the extrusion process. Also, 

the solvent blending process enabled greater interactions between PS and nanofiller in the 

presence of solvent which is not the case during melt intercalation. It might be the case that 

melt intercalation may have allowed melting and effective diffusion of nanofiller into the PS 
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matrix during fabrication process. However, it is well known that mixing always gives best 

results in terms of dispersion in comparison with melting process. Therefore, this might also 

be a reason for the better thermal properties of solvent blending based Ni-Al LDH 

nanocomposites in comparison with those prepared with melt intercalation method. 

While the melt-intercalation process is widely accepted for industrial production of PS 

nanocomposites, for mechanical property enhancement, 1 wt.% Ni-Al LDH loading has been 

evaluated to be the optimal nanofiller loading in the melt blend based nanocomposites due to 

strong interaction between nanofiller and matrix.  

5.4 Summary 

 Several PS nanocomposites were prepared by inclusion of variant quantities of Co-

Al LDH and Ni-Al LDH (1, 3, 5 and 7 wt.% with respect to PS) in a PS matrix via melt 

intercalation using a twin screw extruder. The XRD results confirmed formation of exfoliated 

PS nanocomposites. The TEM micrographs reveal that LDH layers are well dispersed in the 

PS polymer. FTIR analysis indicates presence of LDH layers in the PS matrix.  

 The mechanical properties (Tensile strength, Flexural strength and Impact strength) 

of the nanocomposites have been found to be optimal at 1 wt.% loading of LDH nanofiller. 

Compared with the pristine PS, the improvement of tensile strength, flexural strength and 

impact strength for the PSNL 1 nanocomposite is found to be 34.5, 27.5 and 22%, 

respectively. It is also found that PSNL 1 nanocomposite exhibits improved mechanical 

properties in comparison with PS/Co-Al LDH nanocomposites. The TGA result demonstrates 

improved thermal stability of PS nanocomposites. Choosing 15% mass loss as a reference, 

thermal degradation temperature of PS nanocomposites with 1, 3, 5 and 7 wt.% Co-Al LDH 
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loading is 9.4, 17.3, 22.8 and 26.1 °C higher in comparison with pristine PS, respectively. 

Similarly, these values for PS nanocomposites with 1, 3, 5 and 7 wt.% Ni-Al LDH loading 

correspond to 11, 20.1, 25.3 and 27.4 °C increment over pristine PS. The glass transition 

temperature of PS/Co-Al LDH nanocomposites exhibit 1.8 – 4.1 °C higher enhancement than 

the corresponding value for pristine PS. On the other hand, PS/Ni-Al LDH nanocomposites 

demonstrate 2.4 – 4.3 °C increment in the glass transition temperature in comparison with 

pristine PS.  

 The Coats-Redfern method based analysis confirmed enhanced thermal stability of 

PS nanocomposites with higher thermal stability for PS/Ni-Al LDH nanocomposites in 

comparison with PS/Co-Al LDH nanocomposite samples.  

 The IPDT values of PS nanocomposites enhance with increasing LDH 

concentration and this is as well confirmed by the TGA data. The thermal degradation 

mechanism of pristine PS and all nanocomposite samples were determined by Criado method. 

For pristine PS, Z(α)-α experimental curve followed F1 reaction mechanism in the entire 

range of α. However, the PS nanocomposites initially followed F1 mechanism which later 

shifted to A4 mechanism at higher temperature. The LDH inclusion in the PS matrix also 

influenced storage modulus, loss modulus and complex viscosity of the system. Compared to 

pristine PS, the storage modulus and loss modulus increased for nanocomposites. However, 

the complex viscosity values for the nanocomposites have been analysed to reduce with 

increasing frequency. 
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Chapter 6 

Injection-moulded PS/LDHs Nanocomposites Spur Gears 

Performance  

This work addresses the development and performance analysis of PS/Co-Al and Ni-Al LDH 

nanocomposite gears. The LDHs were prepared using co-precipitation route and were 

subsequently used to prepare PS nanocomposite gears containing 1 wt.% of LDHs using melt 

intercalation in a twin screw extruder followed with injection moulding. Characterizations 

including XRD, TEM and FTIR were evaluated to understand the dispersion and morphology. 

Thereafter, pristine PS, PSCL 1 and PSNL 1 nanocomposite gears were evaluated for its 

performance using in-house developed power absorption gear test. Test was carried on the 

test gear at 1.5 Nm constant torque and 800 rpm for 1h duration. The measured net surface 

temperatures of PS nanocomposite gears were compared with the pristine PS gear. The 

transmission efficiency of test-steel gear pair was evaluated using measured in-line torque 

values. Compared to the pristine PS, the transmission efficiency of PSCL 1 and PSNL 1 

nanocomposite gears was higher by 1.4 and 2.6%, respectively. The tooth surfaces of worn-

out gears were observed using digital and scanning electron microscope to understand wear 

mechanism.  

 

6.1 Introduction 

 Gears are used to transmit motion and power in machinery. Gear materials are being 

considered based on cost, efficiency, weight, strength, corrosion wear, noise and simplicity in 

production (Tsukamoto, 1995). Despite being made from wider choices of materials to 
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achieve desired properties for various applications, the mechanical engineering perspective in 

gear design analysis indicates the relevance of strength and wear resistance (Bloom et al., 

2000). Poor material selection on gear wear, teeth fracture and teeth fatigue failure (Kleiss 

and Kleiss, 2000; Kansal et al., 2001).  

Gears prepared with polymer materials are not suitable for elevated temperature 

applications due to its poor properties. Compared to conventional gears, polymer 

nanocomposites gears offer promising features such as being lighter, lower inertia, enhanced 

combinations of durability, chemical and corrosive resistances, low sliding friction, ability to 

function under dry conditions (Flodin, 2000). Due to these features, polymer nanocomposite 

gears have been successful in replacing metallic as well as fine critical gears in wide variety 

of applications. The increasing demand for polymer nanocomposite gear products is expected 

in near future (Shigley and Mischke, 2001). The past decade received significant attention 

from the research community to develop and design nanocomposite polymeric gears. For such 

applications, nanofillers could be reinforced into polymer matrix to enhance the thermal 

stability and power transmission efficiency (Senthilvelan and Gnanamoorthy, 2007). 

The performance of polymer and nanocomposite gears have been studied extensively 

till date (Kurokawa et al., 2000b; Kurokawa et al., 2003; Li et al., 2001; Pogacnik and Tavcar, 

2015; Hakimian and Sulong, 2012; Senthilvelan and Gnanamoorthy, 2006b; Weale et al., 

1999; Goel et al., 2009; Furrow and Mabie, 1970; Yousef et al., 1973; Marshek and Chan, 

1977; Marshek and Chan, 1981). Kurokawa et al. (2000b and 2003) conducted performance 

studies of various polymeric composite gears. The friction and wear behaviour of dissimilar 

gears were addressed by Li et al. (2011). An accelerated multi-level test procedure that 

involved the application of step level loads was proposed by Pognacnik and Tavcar for 
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polymer gears (Pogacnik and Tavcar, 2015). Shrinkage and warpage behaviour of fiber 

reinforced micro gears were investigated by Hakimian and Sulong (2012) to evaluate the role 

of fibre orientation. Shrinkage characteristics of injection-moulded short glass fibre reinforced 

polyamide gears were considered by Senthilvelan and Gnanamoorthy (2006b). Imaging 

techniques were adopted by Weale et al. (1999) to understand upon the role of fibre 

orientation in injection-moulded polymer composite gears. The fatigue behaviour of glass 

fibre reinforced PP was investigated by Goel et al. (2009) at various frequencies. Furrow and 

Mabie (1970) measured the static deflection of machined acrylic spur gear teeth using a 

specially designed jig and universal testing machine. Yousef et al. (1973) developed a test rig 

to hold the gear so that gear tooth is subjected to cyclic bending and the temperature at root 

circle diameter was measured. Marshek and Chan (1977 and 1981) evaluated performance of 

polymer worm gears using a special four square machine. A coil spring was used to load the 

test gear. The lubricant temperature, gear speed and input and output torques were measured.  

Among various possible alternatives, polymer reinforcements to achieve 

nanocomposite gears could adopt LDHs (Leroux and Besse, 2001). LDHs are highly relevant 

to fabricate polymer nanocomposite gears with non-polar polymers and hence the fabricated 

gears could provide better combinations of design parameter characteristics from materials 

perspective. An elaborate review of the carried out work till date indicates that the 

development of PS/Co-Al LDH, PS/Ni-Al LDH nanocomposites gear and their performance 

has not been targeted till date. Hence, this work targets the evaluation of comprehensive 

durability characteristics of injection-moulded PS/Co-Al LDH and PS/Ni-Al LDH spur gears.  
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6.2 Materials and methods 

6.2.1 Material 

 Section 4.2.1 summarizes various chemicals used for PS/Co-Al LDH and PS/Ni-

Al LDH nanocomposite gear synthesis. 

 

6.2.2 Preparation of modified Co-Al LDH and Ni-Al LDH 

The procedure for the synthesis of modified Co-Al LDH and Ni-Al LDH has been 

presented respectively in sections 2.2.2 and 2.2.4 in the PhD thesis. 

 

6.2.3 Development of gears using PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites 

Co-rotating twin-screw extruder was used to prepare 1 wt.% PS/Co-Al LDH and 

PS/Ni-Al LDH nanocomposites using melt compounding method. The moisture from PS, Co-

Al LDH and Ni-Al LDH was removed by drying samples as 60, 70 and 70 °C respectively, 

for 12 h in a hot air oven. 

Thereafter, Co-Al LDH (equivalent to 1 wt.% of pristine PS) was dispersed in 100 mL 

methanol and was sprayed onto the pristine PS pellets so as to achieve uniform distribution of 

Co-Al LDH on the pristine PS matrix. Eventually, methanol was removed from the coated PS 

pellets by drying them in a hot air oven for 24 h. The coated PS pellets were fed to the 

extruder (Make: Specifiq Engineering and Automats; Model-ZV-20 HI TORQUE) that was 

operated with temperatures of 185, 195, 210 and 200 °C for feed zone, metering zone, 

compression zone and adaptor zone, respectively. Thereafter, extruded product was quenched 

in cold water and then pelletised into granules. The dried compounded materials were then 
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transferred to injection-moulding equipment (Make: Texair; Model: JTS-40) to fabricate the 

gear. The equipment was maintained at 195, 200 and 210 °C in the three zones of the barrel. 

Gears were also prepared using pristine PS and without Co-Al LDH and Ni-Al LDH. Table 

6.1 and Figure 6.1 summarize the test gear details. Henceforth, gears prepared with various 

compositions have been designated as PS, and PSCL 1 for polystyrene and PS/Co-Al LDH 1 

(wt.%) nanocomposite material, respectively. Similarly, PS/Ni-Al LDH (1 wt.%) 

nanocomposite (PSNL 1) has also been prepared using the above described procedure and 

compared with the performance of gears using PSCL 1 nanocomposites. Prior to 

characterization, the gear samples with pristine PS and PS nanocomposite materials were 

stored in a desiccator. Figure 6.2 depicts an Injection-moulded based PSCL 1 and PSNL 1 

gears. 

Figure 6.3 depicts indigenous power absorption gear test rig that was used to evaluate 

the performance of pristine PS and PS nanocomposites gears. Test gears have been 

characterized with standard involute tooth profile with 18 teeth, 20°
 
pressure angle and 4 mm 

module. Stainless steel gear with similar design parameter was prepared using hobbing 

process and used as the driver gear, which was attached to a speed controllable PMDC motor 

during the test. During the test, test gear mates with stainless steel standard gear were 

connected to PMDC generator. A rheostat was used to facilitate loading the generator with the 

test gear. Drive and driven shaft torques were measured with in-line torque sensors (HBM, 

T20WN) with 0.2% accuracy. Non-contact infrared temperature sensor (Raytech) was used to 

measure tooth temperature of pristine PS and PS nanocomposites gear. Data acquisition 

system (HBM, Spider 8) along with a personal computer were used for continuous 

measurement and storage of gear tooth temperature and torque. The PS, PSCL 1 and PSNL 1 
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nanocomposite gear tests were performed for 1 h at 1.5 Nm constant torque and 800 rpm 

speed. At three locations that are spaced equally along the circumference, base tangent length 

across three teeth was measured after 1 h to monitor tooth wear. The gear tooth profile after 

worn-out condition (after the test) was examined using vertical profile projector (PP400TE 

Optomech with 0.001 mm linear encoder resolution) at 20 times magnification. All tests were 

repeated for atleast three gear samples that exhibited same life span within 5% deviation. For 

each gear sample, the average life span obtained with three trails has been reported in the 

results and discussion section. 

Table 6.1: Test gear parameter. 

Parameters Test and 

Mating gear 

Pressure angle (o) 20 

Module (mm) 3 

Number of teeth 18 

Pitch circle diameter 

(mm) 

54 

Face width (mm) 4 

Root filler radius (mm) 1.14 
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Figure 6.1: Test gear geometry and dimension. 

 

 

Figure 6.2: Injection-moulded pristine PS, PSCL 1 and PSNL 1 nanocomposite gears. 

 

 

 

 

 

(a) (b) (c) 
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Figure 6.3: Photograph of in-house developed power absorption gear test rig. 

 

6.2.4 Characterization 

 X-ray diffraction (XRD) equipment (Make: Bruker, Model: D8 ADVANCE) 

with Cu-Kα radiation and Ni filter was used to measure XRD patterns of organomodified Co-

Al LDH and Ni-Al LDH samples in the  2θ range of 2 – 50°. Transmission electron 

microscopy images were measured using TEM instrument (Make: JEOL, Model: JEM 2100) 

operated at 200 kV accelerating voltage. Fourier transform infrared spectra were recorded 

using FTIR instrument (Make: Shimadzu, Model: IRAffinity-1) in 4000 – 400 cm
-1

 

wavelength range for the sample. DSC analysis was conducted (heating rate and temperature 

range of 5 °C/min
 
and 25 – 200 °C) in nitrogen gas atmosphere using DSC instrument (Make: 

Mettle Toledo, Model: 1). Polymeric gear patterns were recorded using indigenously 

developed gear test rig and computer based data acquisition system (HBM, Spider 8). 

 

Rheostat 
PMDC Motor 

Speed Controller 

DAQ 

Torque Sensor 

Base plate 

Metal Gear 

Polymer Gear 

ammeter 

PMDC Motor 

Voltage regulators 

Torque Sensor 

TH-1665_126107001



Chapter 6 

 

 215 

6.3 Results and discussion 

6.3.1 XRD analysis 

Figure 6.4 (i) illustrates XRD patterns of organomodified Co-Al LDH and Ni-Al LDH 

samples. Using these patterns, the d-spacing of the LDH samples were determined using 

Bragg’s law [d = λ/2sinθ, where (λ=1.5406 Å)]. It can be observed that for modified Co-Al 

LDH, characteristic peak corresponding to (003) plane exists at 2θ value of 3.14° and basal 

spacing (d-spacing) of 2.8 nm (Figure 4a). Further, Figure 4 (b) depicts that for modified Ni-

Al LDH basal spacing (d003) value is 1.35 nm, which was based on the (003) peak affirmed at 

2θ value of 6.54°.  

Figure 6.4 (ii) (a-c) illustrate the XRD patterns of pristine PS, PSCL 1 and PSNL 1 

nanocomposite based gears, respectively. For the pristine PS, it can be seen that two small 

halos exist cantered at approximate 2θ values of 10 and 20°. This is due to amorphous 

characteristic of pristine PS (Botan et al., 2012). The diffraction peaks corresponding to (003) 

plane disappeared completely for both PSCL 1 (Figure 6.4 ii (b)) and PSNL 1(Figure 6.4 ii 

(c)) nanocomposites gears. This confirms that LDH layers have been completely exfoliated in 

the PS polymer.   
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Figure 6.4 (i): XRD patterns of modified (a) Co-Al LDH and (b) Ni-Al LDH. 

 

 

 Fig. 6.4 (ii): XRD patterns of (a) PS, (b) PSCL 1 and (c) PSNL 1 nanocomposites. 
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6.3.2 TEM analysis 

For further confirmation of nanocomposites in the gear structure, an extensive 

characterization of morphology of nanocomposites gear was required in the format of 

microscopic images. Figure 6.5 (a) and Figure 6.5 (b) show the TEM image of PSCL 1 and 

PSNL 1 nanocomposite, respectively. These images indicate that the LDH layers (black line) 

are subjected to good dispersion in the PS polymer (bright part). Shown with arrow marks, the 

lines of the layers indicate the exhibition of exfoliated structure in PSCL 1 and PSNL 1 

nanocomposite gears. The observed exfoliated structure in PSCL 1 and PSNL 1 

nanocomposite is in good agreement with the XRD patterns illustrated in Figure 6.4 ii (b) and 

Figure 6.4 ii (c), respectively.  

 

 

 

Figure 6.5: TEM images of (a) PSCL 1 and (b) PSNL 1 nanocomposites. 

 

 

 

(a) (b) 
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6.3.3 FTIR analysis 

 Figure 6.6 (i) illustrates the FTIR results of modified Co-Al LDH and Ni-Al 

LDH. Figure 6.6 i (a) affirmed the existence of several absorption bands in modified Co-Al 

LDH. These refer to the wavelengths of 3500 cm
-1 

(stretching of O-H in the metal hydroxide 

layer and interlayer water molecules in the Co-Al LDH), 2957 cm
-1

, 1630 cm
-1 

(bending mode 

of water molecule), 2848 cm
-1

, 2920 cm
-1 

(C-H stretching vibration), 1218 cm
-1 

(symmetric 

vibration of sulfate from dodecyl sulfate anion) and 1063 cm
-1

 (asymmetric vibration of 

sulfate from dodecyl sulfate anion). Similarly, the FTIR of modified Ni-Al LDH (Figure 6.6 i 

(b)) has characteristic peak at 3528 cm
-1

 (O-H stretching vibration of hydrogen-bonded metal 

hydroxide layer and lattice water), 2850 cm
-1 

(stretching vibration of CH3 found in SDS), 

2920 cm
-1 

(stretching vibration of CH2 found in SDS), 1218 cm
-1

 (symmetric vibration (vS=O) 

of sulfate from dodecyl sulfate anion) and 1063 cm
-1

 (asymmetric vibration (vo S=O) of sulfate 

from dodecyl sulfate anion). 

Figure 6.6 (ii) shows the FTIR spectra of the pristine PS, PSCL 1 and PSNL 1 

nanocomposites. As shown, for the pristine PS sample (Figure 6.6 ii (a)), the characteristic 

peak at 698 cm
-1

 corresponds to mono-substituted benzene. Vibrational mode of CH2 bending 

is located at 1453 cm
-1

 and 1368 cm
-1

. The prominent peaks observed at 1504 cm
-1

 and 1496 

cm
-1

 account for C=C bending vibration. The characteristic absorption bands due to aliphatic 

C-H and aromatic C-H stretching vibration are located at 2930 cm
-1 

and 3070 cm
-1

, 

respectively.  

The FTIR spectra of 1 wt.% LDH loaded PSCL 1 and PSNL 1 samples have been 

presented in Figure 6.6 ii (b) and (c), respectively. These are combination of the characteristic 

absorption bands of both Figure 6.6 i (a) and Figure 6.6 ii (a) for PSCL 1, and Figure 6.6 i (b) 
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and Figure 6.6 ii (a) for PSNL 1, respectively. Hence, it is apparent that LDH layers are 

appropriately doped into PS polymer matrix. 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.6 (i): FTIR spectra of modified (a) Co-Al LDH and (b) Ni-Al LDH. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 Figure 6.6 (ii): FTIR spectra of (a) pristine PS, (b) PSCL 1 and (c) PSNL 1 

nanocomposites. 
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6.3.4 DSC analysis 

The influence of incorporation of the modified LDHs inside the PS polymer on the 

molecular mobility of the PS chains can be assessed using DSC analysis. The inflection point 

between the onset and end-set values in the DSC curves has been evaluated Tg. For pristine 

PS, PSCL 1 and PSNL 1 nanocomposites, DSC curves are shown in Figure 6.7. Tg of pristine 

PS is revealed to be 68.1 °C. PSCL 1 and PSNL 1 nanocomposite show an enhanced Tg of 

69.9 and 70.5 °C, respectively. The restricted movement of PS chains between LDH 

interlayer is responsible for improvement in Tg value of the nanocomposites.  Among the 

investigated samples, Tg of PSNL 1 nanocomposite is found to be higher over pristine PS and 

other nanocomposite sample.   

 

 

 
Figure 6.7: DSC analysis of (a) pristine PS, (b) PSCL 1 and (c) PSNL 1 

nanocomposites. 
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6.3.5 Gear surface temperature 

During gear testing, the measured temperature corresponds to the net surface 

temperature of test gears. Figure 6.8 depicts the net surface temperature of pristine PS,    

PSCL 1 and PSNL 1 nanocomposite test gears at 1.5 Nm load condition. As shown, the 

surface temperature of the gear gradually enhanced and stabilized at 750 sec. Initially, surface 

interaction and material hysteresis generate more heat than the heat dissipated to the 

surroundings. However, as gear rotates, convection facilitates increased heat dissipation and 

thereby enables saturation of temperature. Also, air pockets trapped between gear teeth are 

heated and move around the gear to get expelled during meshing operation. For the hot air, 

temperature within each pocket is close to gear surface temperature and turbulence ensures 

non-contact gear surface to get heated upto contact surface temperature. For pristine PS, 

PSCL 1 and PSNL 1 nanocomposite gears, the temperatures have been evaluated to be 36, 

33.5 and 32.3 °C, respectively. The gear temperature for pristine PS is 2.5 and 3.7 °C higher 

in comparison with PSCL 1 and PSNL 1 nanocomposites gear, respectively. Thus, in 

comparison with pristine PS gear, PS nanocomposites gears exhibit lower surface temperature 

and improved performance. This is due to enhanced thermal stability of synthesized PSCL 1 

and PSNL 1 nanocomposite gears in comparison with the pristine PS. The enhanced thermal 

stability of nanocomposites is possibly due to reduced frictional losses and hindered effect of 

LDH layers for temperature in PS nanocomposites gear during meshing. Among investigated 

gear samples, the nanocomposite with 1 wt.% Ni-Al LDH content has lower surface 

temperature for the test gear. Similar durability improvement has been reported by Pogacnik 

and Tavcar (2015) for PA and POM gears subjected to reinforcement with nanofillers.   
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Figure 6.8: Measured surface temperature of (a) pristine PS, (b) PSCL 1 and (c) PSNL 1 

nanocomposites test gear. 

 

6.3.6 Transmission efficiency 

The evaluation of gear transmission efficiency enables to provide insights with respect 

to gear tooth wear. Sliding and rolling motion of gear teeth affects the gear accuracy and 

frictional losses which eventually contribute to power losses and transmission efficiency. This 

work considers only frictional and wear losses to evaluate transmission efficiency. The 

transmitted torque between driven and driver shaft were measured using two in-line torque 

sensors. For the evaluation of transmission efficiency, bearing losses and gear inaccuracies 

were neglected and hence gear pair transmission efficiency was evaluated using the 

expression:  

 gear torque
  ( )

Driver gear torque

Driven
Transmission efficiency                   (6.1) 
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Figure 6.9 shows the transmission efficiency of pristine PS and PS nanocomposite 

gears. Compared to pristine PS gears, the PS nanocomposite gears exhibit enhanced 

transmission efficiency with an improvement in transmission efficiency of 1.4% and 2.6% for 

PSCL 1 and PSNL 1 nanocomposite gears, respectively. Increased transmission efficiency of 

PS polymer at less content of the LDHs nanofiller could be a combined result of uniform 

dispersion of LDHs in the PS matrix, strong interfacial interaction between phases and 

increase in the Tg of the nanocomposites. Among investigated gears, the PSNL 1 

nanocomposite gear exhibited improved transmission efficiency. The Tg of PSNL 1 

nanocomposite is 2.4 °C higher than that of pristine PS. Similar trends have been reported for 

polyamide nanocomposites gear by Kirupasankar et al. (2012).  

 

 

Figure 6.9: Transmission efficiency of (a) pristine PS, (b) PSCL 1 and (c) PSNL 1 

nanocomposites test gear. 
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6.3.7 Gear tooth thickness reduction 

At constant load (1.5 Nm) and speed (800 rpm), the pristine PS, PSCL 1 and PSNL 1 

nanocomposite gears did not exhibit tooth deformation but tooth wear. Wear tracks in sliding 

direction confirmed that the teat gear wear was predominantly abrasive.  

Figure 6.10 depicts gear tooth thickness measured before and after gear test (1 h). The 

gear tooth thickness of pristine PS, PSCL 1 and PSNL 1 nanocomposite gears has been 

determined initially to be 23.1 mm. After completion of test gear at load (1.5 Nm) and speed 

(800 rpm) for 1 h, the gear tooth thickness was 22.93, 23.01 and 23.04 for pristine PS,    

PSCL 1 and PSNL 1 nanocomposite gear, respectively. Once again, compared to pristine PS 

gear, the wear rate was lower for PS nanocomposite gears. Among investigated gear samples, 

nanocomposite with 1 wt.% Ni-Al LDH content has lowest wear index.  

 

Figure 6.10: Measured gear tooth thickness across three teeth of the test gears. 
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The decrease in the tooth thickness of the PSNL 1 gear could also be due to the limit 

of moving scale of layers segments of the PS polymer with addition of modified Ni-Al LDH. 

Similar behaviour was reported by CNT-PP composite gears fabricated by Mertens and 

Senthilvelan (2016). 

6.3.8 Gear tooth profile wear 

Figure 6.11 depicts the gear tooth profile wear that was measured using optical profile 

projector after testing at 1.5 Nm load for 1h. For the measurements, coast-side gear tip was 

chosen as origin and 70 points were taken based on the tip to root of the involute profile. 

As reference set, injected moulded gear profile was measured before testing. The maximum 

sliding velocity was determined using the expression: 

1 2

  
  ( )

path of approach
Maximum sliding velocity

recess
 

 
   


                       (6.2) 

were ω1, ω2 are angular velocity of the driver and driven gear (rad/s), respectively. 

Path of contact
Path of a approach/recess = 

2
                (6.3) 

2 2 2 2 2 2

a a  R  cos  sin  +  cos  sin Path of contact R R r r r          
   

           (6.4) 

where addendum circle radius of the driver and driven gears have been designated as Ra and 

ra; R and r designate driver pitch circle radius and driven gears and   refers to standard 

pressure angle of the driver and driven gear.  

The figure 6.11 depicts that the tip and root regions correspond to maximum relative 

sliding velocity of 1.135 m/s and hence the wear at these regions is also maximum. Minimal 

wear exists near to the pitch region and this is due to lower relative sliding velocity at the 

pitch region. Among evaluated test gears, PS nanocomposite gears exhibit less wear than 

TH-1665_126107001



Chapter 6 

 

 226 

pristine PS gears. This is due to higher sliding velocity at the root and tip of the standard 

unmodified gear tooth. 

 

 

Figure 6.11: Worn-out gear tooth profile of test gear at 1.5 Nm for 1 h duration of        

(a) PS, (b) PSCL 1 and PSNL 1 nanocomposites. 
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6.3.9 Gear damage morphology 

The view of the tooth surface of prepared gears is depicted in Figure 6.12 Common 

failure modes for polymer gears are due to wear. An excessive wear and formation of ridges 

were confirmed for test gears after 1 h in these figures. Compared to pristine PS gear, the 

PSCL 1 and PSNL 1 nanocomposites gear exhibited less wear. For the pristine PS and its 

nanocomposites, Figure 6.13 and 6.14 depicted the tooth surface after testing gears at 1.5 Nm 

load and 800 rpm speed for 1h. The marks affirm that the PS nanocomposite gears have 

enhanced thermal properties. From the DSC analysis, it can be noticed that Tg of PSCL 1 and 

PSNL 1 nanocomposites are 1.8 and 2.4 °C more than the Tg of pristine PS, respectively. 

Hence, it can be inferred that LDH significantly contributed towards wear resistance and 

plastic deformation resistance. Similar trends reported by Wright and Kukureka (2001) 

confirmed that excessive wear exists near to the root region of polyamide gears. 

 

 

Figure 6.12: Tooth surface of prepared gear (a) pristine PS, (b) PSCL 1 and (c) PSNL 1 

nanocomposites. 

 

(a) (b) (c) 
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Figure 6.13: Tooth surface of test gear (a) pristine PS, (b) PSCL 1 and (c) PSNL 1  

(Front view). 

 

 

Figure 6.14: Tooth surface of test gear (a) pristine PS, (b) PSCL 1 and (c) PSNL 1  

(Side view). 

 

 

 

 

 

 

 

 

(b) (a) (c) 

(a) (b) (c) 
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6.4 Summary 

Pristine PS, PSCL 1 and PSNL 1 nanocomposite gears were fabricated using co-

rotating twin-screw extruder and injection-moulding machine. The XRD and TEM 

micrographs affirm that the LDHs layers are well dispersed in the PS polymer matrix. FTIR 

analysis confirms upon the existence of LDHs layers in the PS polymer. Gear tests conducted 

at 1.5 Nm load and 800 rpm speed reveals that the PS nanocomposites generate lower surface 

temperature, improved transmission efficiency in comparison with pristine PS gears. 

Compared to the pristine PS, the transmission efficiency of PSCL 1 and PSNL 1 

nanocomposite gears is improved about 1.4 and 2.6%, respectively. Compared to pristine PS 

and PSCL 1 nanocomposite gear, the PSNL 1 nanocomposite gear exhibit lower surface 

temperature and higher transmission efficiency.   
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Chapter 7 

Conclusions and Scope of Future Work 

This chapter summarizes the inferences drawn from the various research work presented in 

this thesis. Also, some suggestions towards the scope for future research are outlined.  

 

7.1 Conclusions 

The following sub-sections summarize important conclusions that can be drawn from the 

work carried out in the Ph.D. thesis: 

 

Synthesis and characterization of organomodified Co-Al LDH and Ni-Al LDH 

 

 The XRD studies inferred that the co-precipitation method based Co-Al LDH and Ni-

Al LDH materials possessed a d-spacing value of 2.8 and 1.35 nm, respectively.  

 For 10% mass loss reference point, the degradation temperature of Co-Al LDH is 

lower (266.4 °C) than that obtained for Ni-Al LDH (430.1 °C).  

 

Rheological behaviour of PS/Co-Al LDH blend solution obtained through solvent blending 

route 

 

 The PS/Co-Al LDH blends with maximum nanofiller loading of 7 wt.% possessed 

highest viscosity and shear stress among all samples investigated. 

 Among various alternate rheological models, based on regression coefficient and bias 

factor analysis, Herschel-Bulkley model and Cross model are best fit models to 

TH-1665_126107001



Chapter 7 

 

 232 

represent low temperature (20 °C) and high temperature (30 and 40 °C) rheological 

data of PS and PS/Co-Al LDH blend solutions. 

Preparation and characterization of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites by 

solvent blending method 

 

 XRD studies concluded that LDH exfoliated structure exists in both PS/Co-Al LDH 

and PS/Ni-Al LDH nanocomposites.  

 FTIR analyses confirmed existence of LDH nanoparticles in the matrix of the 

fabricated nanocomposites.  

 TEM analysis conveyed strong role of LDH nanofiller loading on the PS/LDH 

nanocomposite structure with existence of exfoliated, partial exfoliated and 

intercalated structure for loadings of 1 – 3, 5 and 7 wt.% LDH, respectively in both 

types of nanocomposites.  

 Among all samples, the lowest WVTR has been obtained for 7 wt.% Ni-Al LDH 

nanofiller containing PS nanocomposite (11.9 g/m
2
.day, given the corresponding value 

for pristine PS to be 18 g/m
2
.day). 

 Among all samples, highest thermal stability and Tmax (TGA data), highest Tg value 

(DSC data), and highest activation energy (Coats-Redfern method) of thermal 

degradation process have been obtained for PSNL 7 nanocomposites.  Thermal 

degradation mechanism involved F1 reaction mechanism at low temperature followed 

with A4 mechanism at higher temperature.  
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 Among all samples, 7 wt.% LDH loaded PS/Co-Al LDH and PS/Ni-Al LDH 

nanocomposites possessed highest patterns of storage modulus, loss modulus and 

complex viscosity. 

 All PS/Ni-Al LDH nanocomposites exhibited higher thermal stability than PS/Co-Al 

LDH nanocomposites (TGA data, DSC data, Coats-Redfern method and IPDT 

method). 

Fabrication and characterization of PS/Co-Al LDH and PS/Ni-Al LDH nanocomposites via 

melt blending method 

 

 Inferences from XRD studies are similar to those provided for solvent blending based 

PS nanocomposites. 

 TEM analysis conveyed existence of exfoliated, partial exfoliated and intercalated 

nanocomposite structure for loadings of 1, 3, 5 – 7 wt.% LDH respectively in both 

types of nanocomposites. These trends are distinct from those obtained from solvent 

blending method and hence fabrication method has a strong role in influencing 

nanocomposite structure. 

 Among all nanocomposites, PSNL 1 nanocomposite possessed maximum 

improvement in tensile, flexural and impact strength values which are 34.5, 27.5 and 

22% respectively higher than those obtained for pristine PS. 

 All PS/Ni-Al LDH nanocomposites possessed better mechanical properties than 

PS/Co-Al LDH nanocomposite samples possessing similar nanofiller loading content. 
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Injection-moulded PS/LDHs nanocomposites spur gears performance  

 

 Among injection moulding based spur gears fabricated with PSCL 1, PSNL 1 and PS, 

transmission efficiency of PSNL 1 is highest and improved by 2.6% with respect to 

corresponding value obtained for PS.  

 All PSCL 1, PSNL 1 and PS based spur gears, PSNL 1 based spur gears exhibit lowest 

surface temperature (32.3 °C), which is 3.7 °C higher than the value obtained for 

pristine PS. 

 

7.2 Scope for future work 

Based on the outcome of this 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.   

 Soil burial degradation study can be performed for PS nanocomposites.   

 In the present investigation, surface durability of injection-moulded PS gear was 

evaluated under dry condition using power absorption gear test rig. In future, this test 

rig can be modified to run under liquid lubricant condition, so that effect of lubrication 

can be evaluated. 

 In the present investigation, constant load was applied on test gear. In the future, this 

test rig can be modified to apply fatigue load so that the bending fatigue performance 

can be evaluated.   
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