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CHAPTER 1  

INTRODUCTION 

Polyethylene is an organic semicrystalline, thermoplastic polymer with excellent 

chemical resistance, thermal stability, and high spinnabilty. Thus, it is a very important 

polymer for producing engineering plastics and fibers. It has a low glass transition 

temperature (Tg) since strong intermolecular cohesive forces are absent. Polyethylene has 

a low cost and therefore there is considerable interest in increasing its strength.  Polymer/ 

layered inorganic hybrids offer the potential for improvement in mechanical, thermal, 

optical and physico- chemical properties. The word ‘nanocomposite’ refers to composites 

whose reinforcement has at least one dimension in the nanometer scale. Because the 

building blocks of a nanocomposite are nanoscale, they have enormous surface area 

leading to high interfacial area between filler and matrix. Unique properties of the 

nanocomposite are attributed to the interactions at the interfaces.1,2   

The flammability and melt dripping of polyethylene limits its deployment in 

many building appilcations. Therefore, flame retardancy and the melt dripping of 

polyethylene has become an important subject. The flame retardancy of polymers can be 

improved by incorporating flame retardant chemicals in two ways: first as additives and 

second as reactives. Additives are compounds, which are mechanically mixed with 

polymers. On the other hand, reactives are chemically bound as an integral part of 

polymer structures. There are six elements, which are particularly associated with flame 

retardancy in polymers, namely: boron, aluminum, phosphorus, antimony, chlorine and 

bromine.3,4 Recent research has raised concerns about the toxicity of the flame 
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retardants(FR). Some flame retardants have been found to be ubiquitous in the 

environment. Rapidly increasing levels have been measured in sediments, marine animals 

and humans indicating significant potential for damage to ecological and human health.5  

As a consequence, there has been considerable interest in halogen free FRs and metal 

hydroxides such as aluminum hydroxide (ATH) and magnesium hydroxide (MH).  In 

general, these materials reduce the flammability of the plastic by virtue of their 

endothermic decomposition, which absorbs heat from the substrate, and accompanying 

evolution of water vapor, which dilutes the oxygen in the surroundings. In addition to 

improving resistance to ignition, a second key property of FRs is the ability to suppress 

smoke production if a fire does occur. Recent emphasis on FR development has centered 

on nanocomposites based on layered clays. Cationically exchanged clays such as MLS 

and anionically exchanged clays such as LDH have been considered. Functionalization of 

the clays causes swelling of the galleries and an intercalated dispersion. Separation of the 

layers results in an exfoliated or delaminated dispersion. Mixing these clays into 

polymers results in further intercalation or exfoliation or no change. The last is referred to 

as an immiscible dispersion in the polymer. Recent studies have shown that an LDH has 

better flame retarding properties than either ATH or MH and that the layered structure 

may play a key role in this respect.6 The majority of previous studies have been focused 

on the montmorillonite-type of layered silicate compounds, whereas the LDH systems 

have been much less studied because of the strong interlayer electrostatic interactions, 

small gallery space, and hydrophilic property of LDH. 
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             Layered double hydroxides have certain specific advantages over conventional 

nanofillers as summarized by Costa et al.7 as follows: 

• LDHs are reactive materials that undergo endothermic decomposition producing 

water and metal oxide residue. This property could be useful in improving the 

thermal stability and FR of polymer matrix. 8 

• Unlike cationic clays (like layered silicates, which are usually modified by 

organic amines), LDHs could be modified with anionic surfactants increasing the 

number of available surfactants.   

• In clay-polymer nanocomposites, the reinforcing efficiency of the nanoclay 

depends on the dispersion in the polymer matrix. A fully exfoliated 

nanocomposite based on LDH would contain more number of exfoliated layers 

per unit amount of filler added than the layered silicate-polymer nanocomposites. 

This is due to the fact that each platelet layer of clays is composed of single 

octahedral sheet of mixed metal hydroxide whereas that in layered silicate type 

clays is composed of multiple octahedral/ tetrahedral sheets of metal 

oxide/hydroxide. Therefore, principally, LDHs will provide more efficient 

reinforcement of the polymer matrix at lower filler concentration. 

• LDHs can be synthesized in the laboratory with high chemical purity, 

homogeneous structure and tunable chemical compositions. 

• LDHs are clays which are highly surface active, uniform sized and shape 

synthetic nanofillers and are non-poisonous. Halogens are widely used as flame 

retardants which indicate a significant potential to damage ecological and human 
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health, hence the search for halogen free flame retardants. The objective of this 

project is to evaluate the thermal, mechanical and FR properties of polyethylene 

with LDH or MLS MLS(montmorillonite layered silicates) and LDH are added at 

specific concentrations of 5, 15, 30 and 60 weight percent into the polyethylene 

matrix and melt processed using a Brabender batch processor. Samples are 

prepared by compression molding. Dispersion of the MLS and LDH in 

polyethylene is studied by optical microscopy, scanning electron microscopy and 

x-ray diffraction. The thermal properties are studied by differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA). Flame retarding 

properties are tested by using the flammability UL-94 system. Char formation 

after FR testing is investigated using an environmental SEM has indicated the 

effect of LDH on PE. Mechanical properties are studied by tensile testing. The 

microhardness is determined with the help of a Vickers hardness testing 

apparatus.  
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CHAPTER 2  

LITERATURE REVIEW 

2.1   Polyethylene 

 
Polyethylene (PE) is a natural, organic, thermoplastic homopolymer which does 

not melt at one particular temperature into a clean liquid. Instead it becomes increasingly 

soft and ultimately turns into a very viscous, tacky molten mass. It has a low Tg as strong 

intermolecular cohesive forces are absent and the substituent group (CH2) present in it is 

not bulky. PE is a polymer consisting of long chains of the monomer ethylene (IUPAC 

name ethene). Polyethylene is classified into several different categories based mostly on 

its density and branching. The mechanical properties of PE depend on variables such as 

the extent and type of branching, the crystal structure, and the molecular weight. Some 

classifications of PE include: 

• Ultra high molecular weight PE (UHMWPE) 

• High density PE (HDPE)  

•  Cross-linked PE (PEX) 

• Medium density PE (MDPE) 

• Linear low density PE (LLDPE) 

• Low density PE (LDPE) 

• Very low density PE (VLDPE)   
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The applications of polyethylene are based on its properties. Sometimes a given 

application is based on a specific property, but more often an application is based on a 

combination of properties. PE is unbreakable and this property is used in the manufacture 

of house wares and toys. It’s cheap, tough and moisture resistant nature makes it ideal for 

packaging films and squeeze bottles, PE laminates and coatings, textiles: Cheap, tough 

and moisture resistant. PE shows remarkable ability in the sense of tackling large strains 

without fractures and without excessive permanent deformation and it is also able to do at 

extremely low temperatures due to its sub ambient Tg. Low water absorption, low water 

transmission, high dielectric strength, high tensile strength, lightweight, chemical 

inertness, resistant to fungi and other organisms are other key properties. 9 

2.1.1 LLDPE (Linear Low Density Polyethylene) 

 

LLDPE is primarily a linear polymer with significant number of short branches 

commonly made by copolymerization of ethylene with longer chain olefins. The common 

long chain olefins used are butene, hexene and octene. The present LLDPE is 

polyethylene hexene copolymer Short side chain branching influences product toughness. 

Longer side chains are formed by hexene, which result in superior physical properties. 

Increased comonomer concentration increases short chain branch content and results in 

reduced resin density.10 

 LLDPE has higher tensile strength and impact strength and puncture resistance 

than LDPE. It is softer relative to HDPE but is not as soft as LDPE. It has higher 

percentage crystallinity relative to LDPE. The melt strength of LLDPE is much lower 



 
 

7 
 

than LDPE due to no long chain side branched molecules.  It has excellent elongational 

ability. 

LLDPE has limitations such as susceptibility to surface melt fracture in blown 

film and sheet extrusion. Compared to LDPE, it has lower gloss and narrower range of 

heat sealing. 

 

2.1.2 Structure and Properties of LLDPE 

 
 
 

 

 

 

Figure 2.1: Molecular diagram of LLDPE. 
 

• Branching structure and density: LLDPE is a semi-crystalline linear polymer with 

short chain branching. It is found that the density of LLDPE decreases as the 

comonomer content in the chain increases. 
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• High Impact strength: LLDPE has extremely high impact strength due to more tie 

molecules with long chain lengths connecting the lamella of LLDPE. Due to this 

structure, it shows higher toughness as well.11 

• Puncture resistance: High puncture resistance along with high impact strength 

makes LLDPE a desirable material for varied applications. 

• Thermal properties: LLDPE has a very low Tg. 

 2.1.3   Applications of LLDPE         

• Films and packaging applications 

• Commercial applications are found in blown and cast films for uses such as 

stretch film, can liner and heavy duty sacks.12 

• Automobile and cable applications.13 

2.2 Layered Double Hydroxides (LDH) 

 
LDHs are considered as a new emerging class of the layered class for preparation of 

multifunctional polymer/ layered crystal nanocomposites. LDHs are host guest materials 

consisting of positively charged metal oxide or hydroxides sheets with intercalated anions 

and water molecules. 14,15,16 LDH are anionic clays of the general formula [M(II)
1-

xM
(III)

x(OH)2] 
x+ [Am-] x/m•2H2O]x-   where M(II) is a divalent metal ion (like Mg2+, Zn2+, etc.), 

M(III) is a trivalent metal ion (like Al3+, Cr3+, etc.) and A is an anion with valency m (like 

C03
2-, Cl-, NO3

-, etc.).17 
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Figure 2.2: Structure of LDH.18 
 

The name LDH is derived from the early words of Feithnecht, who called these 

compounds “Doppelschichtstrukturen” (double sheet structures) hypothesizing a structure 

with intercalated hydroxide layers. This hypothesis was refuted many years later on the 

basis of single crystal X-Ray Diffraction (XRD) analysis, which showed that all the 

cations are placed in the same layer, with the anions and water molecules located in the 

interlayer region.19  

The basic layer structure of LDHs is based on brucite [Mg(OH)2] which is of the 

CdI2 type, typically associated with small polarizing cations and polarizable anions. It 

consists of magnesium ions surrounded approximately octahedrally by hydroxide ions. 

These octahedral units form infinite layers by edge-sharing, with the hydroxide ions 

sitting perpendicular to a plane of the layers. The layers then stack on top of one another 

to form a three-dimensional structure. 20 

Conventionally synthesized LDHs are strongly hydrophilic materials, either 

amorphous or microcrystalline with hexagonal habit, with the dominant faces developed 

parallel to the metal hydroxide layers. Adjacent layers are tightly bound to each other. 
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LDH are highly surface active and have a uniform size and shape synthetic nanofillers. 

Functionalization can be tailored to release water and carbon dioxide. Chemistry can be 

tailored to enhance char formation. Figure 2.2 shows the structure of layered double 

hydroxides. One of the advantages of LDHs among layered materials is the great number 

of possible compositions and metal-anion combinations that can be synthesized. 

Compared to montmorillonite layered silicates (MLS). LDH have high charge density. 

The charge density is dependent on the metal ratio. Since it comprises a divalent and 

trivalent metal cation, their ratio affects charge density of the layers.  A lower divalent: 

trivalent ratio results in a higher charge density. More trivalent the metal, more the 

positive charge. LDH can also be used as a stabilizing agent. These can be synthesized by 

control of particle size and particle size distribution21 

Some of the interesting properties of layered double hydroxides as summarized by 

Del Hoyo19 are: 

• High specific surface area (100+ 300 m2/g) 

• Homogeneous dispersion of the metal ions thermally stable also at 

reducing conditions, with formation of very small and stable crystallites. 

• Synergistic effects between the elements, due to the intimate dispersion 

which favors, for example, the development of unusual basic or 

hydrogenating properties. It is worth noting that basic properties depend 

significantly on the composition and the calcinations temperature. 
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• “Memory effect”, which allows reconstruction under mild conditions 

(after calcinations until 500°C) under the original structure by contact with 

solutions containing various anions. 

• Good anion exchange capacities. 

2.2.1 Applications of LDH 

• Catalysis: LDHs are easy to synthesize and offer flexibility in composition. LDHs 

represent an inexpensive, versatile and potentially recyclable source of a variety 

of catalyst supports, catalyst precursors or actual catalysts. 22,23 

• Ion exchange and adsorption: LDHs have large surface area and high anion-

exchange capacities. Hence, they are used effectively to remove negatively 

charged species by both surface adsorption and anion-exchange. 24,25 

• Pharmaceutics: LDHs have biocompatibility, variable chemical composition, 

ability to intercalate anionic drugs and alkaline character. These properties have 

found significant applications in medicine and pharmaceutical formulations. 26,27 

• Electrochemistry: Clay modified electrodes have been extensively studied due to 

their capability to exchange intercalated ions. LDHs are used in nanocomposite 

electrolyte systems with high conductivities find application in the fabrication of 

thin-film type Li-polymer secondary batteries.28 

• Additives in functional polymer materials: Synergistic effects between polymer 

and LDH enhance thermal stability of the polymer and in formulating flame 

retardant materials. 29,30,31 
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• Other applications: LDHs are useful as acid neutralizers or scavengers especially 

for polypropylene and polyethylene, adsorbents for heavy metal anions form 

waste waters, smoke suppressors, viscosity control agents, UV ray absorbents, in 

commercial scale preparative separations, in delivering beneficially agents to the 

skin such as anti-aging, anti-inflammatory, moisturizing and anti-seborrhoeic 

agents.32,33                                                       

2.3 Montmorillonite Layered Silicates (MLS) 

MLS is a very soft phyllosilicate mineral that typically forms in microscopic 

crystals, forming clay. It is named after Montmorillon in France. Montmorillonite, a 

member of the smectite family, is a 2:1 clay, meaning that it has 2 tetrahedral sheets 

sandwiching a central octahedral sheet. It is the main constituent of bentonite. Chemically 

it is hydrated sodium calcium aluminium magnesium silicate hydroxide 

(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O. 34 
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Figure 2.3 Structure of montmorillonite.35 

There has been a great interest evoked in montmorillonite as it has a high aspect 

ratio of silicate nanolayers, high surface area and when used in polymeric materials may 

improve physical and chemical properties remarkably.  Clay nanoparticles can be 

dispersed in polymer matrices either in intercalated or exfoliated form, resulting in 

improved mechanical properties, improved stiffness, increased thermal stability and 

flame retardance.36 Figure 2.3 shows the structure of montmorillonite.  The 

montmorillonite used in present study is MLS, which is a natural montmorillonite 

modified with a quaternary ammonium salt. The chemical formula of it may be 

represented as37  
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            CH2CH2OH 
| 

CH3 – N+– T 
| 

            CH2CH2OH 
 

Where T is Tallow (~65%C18;~30%C16, ~5%C14). 

2.3.1. Structure of Cationic Clays 

Montmorillonite is a smectite cationic clay consisiting of two basic structural 

units: a tetrahedral sheet and an octahedral sheet. When the metal ions present in the 

octahedral sheet are divalent, such as magnesium, all octahedral sites are filled yielding a 

trioctahedral clay. If trivalent cations such as aluminum are present, just two out of thee 

sites are occupied and a dioctahedral clay is obtained.  There are four common ways in 

which tetrahedral and octahedral sheets are found arranged together as listed in Table 2.1. 

Further diversity in layer composition is generated by isomorphic substitution at 

tetrahedral and octahedral sites38. It has a high surface area and a high aspect ratio of 

about 100-1000 with lateral dimensions of 100-1000nm. A small amount of clay can 

significantly enhance the mechanical and physical properties, such as the stiffness, 

strength, gas-barrier, dimensional stability and flame retardancy. Montmorillonite in its 

pure state is an inert and electrically insulating material, which shows unique features of 

marked cation exchange properties, expandability, taking up water or organic molecules 

between their interlayer spaces thus increasing the d-spacing of the material.39 
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Table 2.1 Classification of tetrahedral and octahedral sub units into different clay types. 
 
Class                                      Example                          Structure 
1: 1 Clay minerals       Kaolinite      Tetrahedral layer joined to one octahedral sheet                      
2 : 1 Clay minerals        Pyrophyllite    Octahedral layer  between two tetrahedral  layers                   
2 : 1 : 1 Clay minerals     Chlorite         A 2:1 mineral structure between octahedral layers       
Pseudo-layer clay minerals    Sepiolite              2:1 layers arranged in chains. Not strictly layered. 

 
 

2.4 Polymer Nanocomposites 

Nanocomposites have enhanced properties due to the interaction between the 

polymer and clay at the nanoscale level. The dispersion of the clay in the polymer hence, 

becomes an important study. The addition of clay in a polymer matrix produces three 

different kinds of dispersions. 

• Microcomposite 

• Intercalated dispersion 

• Exfoliated dispersion 
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Figure 2.4 Illustration of the (a) microcomposite (b) exfoliated nanocomposite  

                 (c) intercalated nanocomposite.40 

Microcomposite: In a microcomposite, the polymer chains do not enter the layered clay 

structure instead; the clay particles are surrounded by polymer chains and retain their 

structure as shown in the figure. 

Intercalated nanocomposite: A finite penetration of polymer chains into the clay galleries 

resulting in the expansion of the clay galleries. The structure obtained in this type of 

nanocomposite is well ordered structure. It is shown in the figure 2.4(c)  

Exfoliated nanocomposite: The polymer chains penetrate extensively resulting in a highly 

disorder and complete disruption of clay structure and eventually lead to delamination as 

shown in figure 2.4 (b) 
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Table 2.2 Layered nano-particles for potential use in polymer nanocomposites.41 
 

Smectite clays                           montmorillonite, bentonite, nontronite, beidellite,  
                                                  Volkonskoite, Hectorite, saponite, sepiolite, stevenesite,  
                                                  sauconite, sobockite, Svinfordite, kenyaite 
 
Synthetic clays                         Hectorite, MgO(SiO2)s(Al2O3)a(AB)b(H2O)x where AB is 

                                                 an ion pair, namely NAF 

 

Layered silicic acids                 Kanemite, makatite, octasilicate, magadiite, kenyaite,  

                                                  layered organo-silicates 

 

Other clays                               Micas, vermiculite, illite, ledikite, tubular attapulgite, etc. 

 

Mineral layered hydroxides      e.g. brucite: Mg(OH)2, or gibbsite: Al(OH)3 , Ca(OH)2 

 

Layered double hydroxides      M
+2

(1-x)M
+3

x(OH)2]
Y+

(A
n-Y/n

)mH2O, e.g.   

                                                  Mg6Al3.4(OH)18.8(CO3)1.7H2O; or Zn6Al2(OH)16CO3nH2O 

 

Layered alumino-phosphates    e.g., mineral ALPO(berlinite),  

                                                  Al4(PO4)3.9H2O(vantasselite)  or from hydrothermal 

                                                  synthesis of H3PO4 +Al(OH)3 with structure- 

                                                  directing agents 

 

M+4 phosphates or                   M
+4

=Ti, Zr, or Sn; e.g., α form: Zr(HPO4).2H2O; γ-form:   

phosphonates                            ZrPO4O2P(OH)2.2H2O; λ- form; ZrPO4XY (X and Y are 

                                                  anionic or neutral ligands), etc. 

 

Chlorides                                  FeCl3, FeOCl, CdI2, CdCl2 

 

Chalocogenides                       TiS2, MoS2, MoS3, (PbS)1.18(TiS2)2     

 

Cyanides                                  Ni(CN)2       

 

Oxides                                     H2Si2O5, V6O13, HTiNbO, Cr0.5V0.5S2, W0.2V2.8O 7 , Cr3O8,  

                                                MoO3(OH)2, V2O5, VOPO4-2H2O, CaPO4CH3-H2O,  

                                                MnHAsO4-H2O, AgMo10O33, etc 

 

Others                                      Graphite, graphite oxide, boron nitride, etc. 
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Synthesis of polymer-clay nanocomposites: 

There are three methods used to prepare polymer clay nanocomposites they are in-situ 

polymerization, polymer solution intercalation, melt intercalation. 

2.5 Flame Retardants Commonly Used 

 
A number of fire retardant materials are in commercial use, mainly fire retardant 

fillers which function by endothermic decomposition and release inert gases such as 

water and carbon dioxide. The endothermic decomposition is expected to occur above the 

polymer processing temperature and near the polymer degradation temperature. The 

distinct advantage of fire retardant fillers is no generation of smoke and hence there are 

no fume hazards although a high level of filler is required which may not be beneficial 

cost wise, processing and affects on mechanical properties. 

A fire retardant is expected to have the following properties for commercial use: 

• A significant endothermic decomposition which should be in the 

temperature range 100-300°C (this varies from polymer to polymer).  

• Release of at least 25% by weight of water and/or carbon dioxide. 

• Low toxicity  

• Should be easy to process into small particles specially when high filler 

loadings are required 

• Low solubility 

• Low levels of salts and impurities which may cause premature polymer 

degradation. 



 
 

19 
 

• Easily available and low cost 

Table 2.3 Relative advantages and disadvantages of commercial flame retardants. 
 
 
Fire retarding materials              Advantages                               Disadvantages 
 
Halogens                     Effective flame retardants                Serious health hazards   
             
 ATH                           Suitable for most polymers due to    Limited use in thermoplastics 
                                    low decomposition temperature.      due to very low decomposition      
                                    Low cost and easily available           temperature (200°C) 
                                    in different sizes  and shapes. 
                                           
 
MH                              It has an optimum decomposition   Complex production processes. 
                                    temperature of 300°C which is        More expensive than ATH 
                                    suitable for thermoplastics as well. 
 
 
Basic Magnesium      Decomposes over a range of              Poor morphology and highly                     
Carbonates                 temperatures, total weight loss of      priced. 
                                   about 57%. 
                                   Excellent smoke suppressing 
                                   properties at low levels of loading. 
 
Boehmite                  Advantageous when used as a mixer   Not an effective fire retardant   
                                                                                               due to low water content 
 
Gypsum                   Useful in unsaturated polyester resins  Low onset of decomposition 
                                 Low cost                                               (under 100°C). 
                                                                                               Limited use 
                                                                       
 MLS                         Excellent for nanocomposite                Low efficiency 
                                 formation. Highly used due to  
                                 synergistic effects 
 
POSS                      Significantly reduces PHRR                   Limited applications 
                                Shows a decrease in time to ignition 
 
LDH                       Improved material properties such as      Relatively expensive 
                               Mechanical, heat resistance and low FR     
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2.5.1 Flame Retardance Tests 

 A number of flame resistance tests are in commercial use of which the most 

popular tests are: 

• Cone calorimetry 

• Underwriters Laboratory (UL94) 

• Limiting Oxygen Index (LOI) 

2.5.1.1 Cone Calorimetry: It is most popular test for fire retardant polymers. In this 

test, the samples used are in the form of plates, typically 100mm X 100mm. The test 

is carried out in a forced flaming condition. The results obtained from this test give an 

insight to heat release rate, total heat release, time to ignition, smoke release and CO 

production thus covering essential aspects of fire risks and also fire hazards. 

Depending on the polymer, different test setups such as horizontal sample 

positioning, melt dripping prevention, and well-ventilated combustion are used. 

 The experimental procedure consists of a constant application of external heat 

flux which results in the heating of the sample surface.  A plot obtained from this data 

gives the relation between heat flux, temperature and the time in a cone calorimeter 

test run. The system can thus be described in terms of constant heat release rate, mass 

and heat transfers, and temperatures. The main zones which characterize the system 

are: the flame zone, the pyrolysis zone and the polymer. The peak of heat release 

rate(PHRR) differs from material to material, thus it becomes an important 

characterization parameter. 
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Figure 2.5 Schematic of a cone calorimeter.42 

Another important parameter to be considered in the cone calorimeter test is the 

distance between the cone heater and the sample surface as the appropriate distance 

would ensure a uniform and defined external heat flux.43 

 

2.5.1.2 Underwriters Laboratory (UL94):  UL testing has been originally developed by 

UL. It is now accepted and incorporated into many National and International Standards. 

This test method classifies a material’s tendency to either extinguish or spread a flame 

after it is ignited. The testing involves application of a flame for a specified time period 

and the response of the material to the flame after it is removed. Material properties and 

response to flame such as self-extinguishment and dripping effects can be studied. 

The tests that can be carried out using UL94 are: 
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Vertical burning test (94V): In this the specimen (bar shape) is tested in the vertical 

orientation and the test flame is applied at the lower end of the test specimen. The time 

taken for the material to self-extinguish and also dripping effects are the main results 

obtained from the vertical burning test. This test if generally used for rigid polymers. 

The time of flame application is generally 10 seconds and the flame height is 20 

m. Cotton is placed beneath the specimen to study the drip effects and also to classify the 

material as V-0, V-1 or V-2 as shown in the table 2.4.44 

 

 

Figure 2.6 Schematic of Vertical burning test set up.45 
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Table 2.4 UL 94 V ratings. 
 

UL94-V rating         Flame duration         Total duration(5 samples)           Dripping 

V-0 (Best)               Less than 10 sec         Less than 50 sec                    None allowed 

V-1 (good)              Less than 30 sec         Less than 250 sec                  None allowed 

V-2 (drips)              Less than 30 sec         Less than 250 sec             Any dripping which  

                                                                                                         ignites the cotton placed  

                                                                                                             below the specimen 

 

 

Horizontal burn test (94HB): The materials that pass HB test such as thermoplastics may 

be used only for applications that require a HB rating only. In this test, the test specimen 

is placed in a horizontal orientation and the application of flame is for 30 seconds or until 

the flame front reaches the specified mark. If burning continues, the time taken to reach 

the second specified mark is measured. If it does not, the time or burning and the 

damaged length are measured. The linear burn rate is determined by this test method. 

 Generally the UL-94 vertical burn test is used for most materials as it is a popular 

test industrially. In the present study, the horizontal burn test is used. This is in 

accordance with ASTM-D635. This test method is specified for thermoplastics. Hence 

this is the preferred test method.46 
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Figure 2.7 Schematic of UL (94HB).47 
 

Other UL tests include 94VTM, 94-5V, 94HBF and radiant panel depending on the 

materials and the samples to be tested such as thin materials and surface burning.  

 

2.5.1.3 Limiting Oxygen Index (LOI): The test method involves clamping the test 

specimen in a vertical position in a tube in an atmosphere where the relative 

concentration of oxygen and Nitrogen can be changed. The minimum concentration of 

oxygen required to sustain combustion in the sample can be measured. A high value is 

indicative of a material which cannot be ignited very easily and is less flammable. 48 
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 Figure 2.8 Schematic of a limiting oxygen index chamber.45 
 

 

The limiting oxygen is defined by 

LOI =     100 x O2   % 
               O2 + N2 
 
The LOI is expressed in volume percent. The minimum oxygen concentration is 

determined by testing a series of specimens in different oxygen concentrations.  
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2.5.2 Recent Research on Flame Retardance of Polyethylene 
 
 Polyethylene is an easily combustible material and to achieve flame retardancy a 

number of routes are commercially available. Addition of fillers to polyethylene matrix to 

form composites is a route often followed to achieve fire resistance. Li et al. 49 have 

studied the flame retardancy of PE and wood fibre composites, both easily flammable 

materials. Samples were prepared by mixing PE, wood-fibre, maleated polyethylene and 

other additives. Ammonium polyphosphate was used as a flame retardant and 

Pentaerithritol (PER), a low molecular weight polyalcohol was chosen as a char forming 

agent as it can be easily dispersed into the interface wood fibre and maleated 

polyethylene. It has been found that FR was improved by forming such a system by 

barrier formation mechanism. Barrier formation is key to FR for most of the polymers. In 

general, intumescent flame retardants and bromine containing flame retardants are 

effective flame retardants for polyolefins. Flame retardancy study was carried out by 

LOI, and it has been found that APP was effective in increasing the LOI value.  Thermal 

analysis was carried out by TGA which revealed thermal degradation at a lower 

temperature which lead to char formation.  Mechanical properties such as tensile and Izod 

impact were enhanced by the addition of the flame retardants. Recent research has raised 

concerns about the use of halogens as flame retardants due to the harmful effects it has on 

the environment. 

 Intumescent flame retardant compounds such as APP act as synergists in the 

polyolefin matrix. Intumescent FR system contains an acid source such as APP, a char 
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forming agent, a blowing agent and synergists in the polyolefin matrix. .This additive 

system forms char, foamed barrier layer on the surface of the ignited plastic thus 

preventing burning. The unfavourable characteristics of such a system are low 

compatibility, poor appearance and susceptibility to melt dripping. Anna et al.50 have 

come up with a novel idea of introducing a special type of Boraxo silixane (BSil) 

elastomer which acts as a synergist in the system. The structure of BSil is helps in 

increasing the melt viscosity and the flame retardancy is improved by formation of 

partially ceramic barrier surface layer created during the combustion process.50 

 Aluminium hydroxide (ATH) and Magnesium hydroxide are extensively used as 

flame retardants for polymers. These materials are halogen free which help in reducing 

smoke toxicity. In the study by Haurie et al.51, a synthetic hydromagnesite was prepared 

from an industrial by-product and used as a flame retardant with the combination of 

aluminum hydroxide. Metal hydroxides work on the mechanism of endothermic 

decomposition, the process is accompanied by a foaming process. The inert gas which is 

released by the metal oxide helps in diluting the flammable gaseous degradation process. 

The ignition of the material is prevented by cooling, insulating and diluting phenomena. 

The disadvantage associated with the use of metal hydroxides is that a large quantity of 

additive is required to yield satisfactory flame retarding properties. 

2.5.3 Mechanism of Flame Retardance of Nanocomposites 

Mechanisms have been suggested for the flame retardance in polymers:  



 
 

28 
 

          Two main general mechanisms can be found in all of the nanocomposites with a 

significant impact on fire properties are Barrier formation during combustion and Melt 

viscosity increase.   Dispersion of the FR is influenced by  

• Chemical interactions between the polymer, nanofiller, surfactants, ions 

additional additives, etc. 

• Shear stress, temperature, residence time, etc. during processing 

• Physical structure of the components (particle size, molecular weight, 

etc.).52 

• Barrier formation: During combustion, the polymer tends to drip, at a later stage 

char may form. This char which is formed acts as a barrier to further burning. It is 

widely accepted for the reduction of Peak Heat Release rate (PHRR). X-ray 

photoelectron spectroscopy (XPS) studies of polymer nanocomposites have 

shown concentration of clays at the surface increases as the organic matter 

decomposes during thermal degradation. There is a formation of char when the 

clay builds up on the surface during burning. The char layer acts as a barrier and 

slows down the mass loss rate of the decomposition products. This also acts as an 

insulator for the underlying material. Barrier improvements could be due to 

multiple bond formation or crosslinking thus leading to thermal stability.53  In 

polymer silicate nanocomposites, when the polymer burns there is a reduction in 

the flammability due to the pyrolysis of the polymer and a collapse of the 

nanocomposites structure to form a silicate-carbon barrier that provides thermal 

protection to the underlying virgin polymer and as a result slows volatization of 
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fuel. 54The char layer indicates a physical barrier that prolongs burning times 

without decreasing the total amount of combustible material.  

 

     Figure 2.9: Schematic of the three layers sampled from partially decomposed 

                        nanocomposites.55 

• Increases melt viscosity: This effect is reported for all kinds of nanocomposites 

which involves the study of the dripping behavior. An increase in melt viscosity 

indicates efficiency in prevention of dripping. An increase in melt viscosity at low 

shear rates has a significant effect on the fire behavior. Drip behavior is not very 

useful in cone calorimetry as dripping is prevented in this test and is best observed 

during limited oxygen index tests and UL-94. 

 

 Costa et al. 56 investigated nanocomposites of low density polyethylene and  Mg 

Al LDH were prepared by using maleic anhydride as a compatibilizer by melt 

compounding in an extruder. The nanocomposites were characterized by transmission 

electron microscopy, and TGA. The morphological features of the LDH particles after 

melt compounding show a decrease in particle size reduction and agglomeration of 

particles is not significant up to 10 weight % of LDH. Melt compounding resulted in 

partial exfoliation. TGA results reveal increasing onset decomposition temperature and 
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the darkening of the color of the residue indicates presence of some carbonaceous 

materials. The flammability properties were studied by Cone calorimetry, LOI and UL-

94. The addition of LDH caused a significant reduction in the PHRR in LDPE and as the 

LDH concentration increases, the PHRR value has shown a decrease. The total heat 

released progressively reduced with increasing LDH content. It has also been found that 

LDH materials facilitate formation of carbonaceous char during combustion making them 

more effective flame retardants than metal hydroxides. The LOI value increased with the 

increase in LDH concentration. At low LDH concentration, the char layer is negligible 

hence effective barrier cannot be formed. At low LDH concentration, the melt viscosity is 

low and the surface cannot hold the residue thus leading to a low oxygen concentration. 

As the LDH concentration increases, the melt viscosity also increases thus having a 

higher LOI value. Thus, the melt viscosity plays a vital role in determining LOI values. 

Flammability is also studied by UL-94 where both the vertical and horizontal tests were 

conducted. All the samples failed the vertical burn test but useful information regarding 

the dripping behavior has been obtained. The LDPE/ LDH nanocomposites pass the 

UL94 HB rating. The linear burn rate has steadily decreased with an increase in 

percentage of LDH. 
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CHAPTER 3  

EXPERIMENTAL 

 
 

To investigate the PE + LDH/ MLS nanocomposites, experiments were conducted to 

resolve the following issues: 

1. The potential for LDH/ MLS to form intercalated or exfoliated nanocomposite 

with PE 

2. The influence LDH/ MLS has on the melting temperature and thermal properties 

of PE 

3. Improved flame retardance properties and anti dripping effects of PE with the 

addition of LDH/ MLS. 

4. The effect of LDH/ MLS on the tensile properties of PE 

5. Improved surface hardness of PE incorporated with LDH/ MLS. 

 3.1 Materials 

The LLDPE was purchased from CPChem in the form of pellets of grade  

MarflexTM 
of

 
Mw/Mn =3.5 and

 
Melt index of 0.25-2.5g/ 10 minutes. Southern clay 

products provided the montmorillonite of grade Cloisite 30B. The LDH used has the 

formula Mg2 NiAl(OH) 6C7H8SO3
-.2H2O  (patent pending) was synthesized in the laboratory. 

The LLDPE is designated as PE, Cloisite 30B as MLS and  Mg2 NiAl(OH) 6C7H8SO3
-.2H2O 

as LDH throughout the study.  
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3.1.1 Sample Preparation 

The polyethylene resin was dried in a conventional oven for 36 hours at a 

temperature of 50°C so that the moisture content was reduced. The nanoclay was dried at 

180°C for 30 minutes to reduce moisture. A Brabender batch processor was used for melt 

mixing PE and the desired weight percent nanoclay. The Brabender was preheated to a 

temperature of 160°C and various mixtures with 5, 15, 30 and 60% by weight of 

nanoclay were prepared from the melt at a speed of 80rpm for 5 minutes. The composite 

so obtained was pelletized using a pellitizer as precursor to the compression molding. 

Compression molding is a technique used to form polymeric materials into simple 

geometric shapes by placing a mold on a heated platen. The different blends were 

compression molded between two sheets of Teflon using a Carver press to obtain sheets. 

The Carver press was pre heated to 300°F and a total of 5 metric tons of pressure was 

applied at a rate of 0.5 metric tons per minute. Samples were prepared as sheets 128 X 13 

X 4 mm in size. The pressure was released once or twice during the process to avoid 

formation of bubbles in the samples which may hinder the results. These samples are 

used for the various experiments.  

The PE and MLS nanocomposites are designated as 5MLS, 15MLS, 30MLS and 

60MLS and the PE and LDH nanocomposites are designated as 5LDH, 15LDH, 30LDH 

and 60LDH. For example, nanocomposite comprising 95% by weight PE and 5% by 

weight MLS is designated as 5MLS. 
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3.2 Dispersion 

The samples are characterized by optical microscopy, scanning electron 

microscopy and X-ray diffraction to determine if an intercalate or exfoliated 

nanocomposite was obtained. 

3.2.1 Optical Microscopy 

Optical microscopy was conducted under a Nikon Eclipse ME600 optical 

microscope. The lens magnification used was 10X. The pictures are taken using a Nikon 

ACT-1 Version 2.70 camera. The optical microscope images were analyzed using 

ImageJ, the scale was set according the pixel size and analyzed to yield results such as 

the mean, minimum and maximum particle size and also the number of particles 

distributed in the matrix in the area of 450 pixel width. 

         For the microstructural analysis, the samples were prepared by cutting the specimen 

with a sharp razor blade and freeze polished using liquid nitrogen. Freeze polishing 

consists of cooling the sample till it reaches its glass transition temperature. The sample 

becomes hard hence polishing becomes easy. 

3.2.2 Scanning Electron Microscopy 

             Scanning electron microscopy is a technique used to observe and characterize 

organic and inorganic materials on a nanometer to micrometer scale. A finely focused 

electron beam is impinged on the area of interest to reveal the microstructure. Signals 

such as secondary electrons, backscattered electrons, x-rays are produced from the 

interaction of the electron beam with the specimen. These signals are used to characterize 
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the specimen. The SEM images have a high resolution and a large depth of field by 

which topographical analysis and compositional analysis can be done advantageously.57 

3.2.2.1 Dispersion Analysis  

                 A high resolution FIB/SEM (FEI Nova 200 Dual Beam FIB / FEGSEM) was 

used to observe the dispersion of MLS/ LDH. 

               The fractured surface of the PE and MLS/ LDH nanocomposites obtained after tensile 

testing are used for SEM imaging to study the distribution of clay platelets in the polyethylene 

matrix. The fractured surfaces were prepared by the application of colloidal graphite in 

isopropanol base to a specimen mount (stub) and spreading it evenly with the help of a 

spatula to obtain a flat surface and the excess is carefully removed were sputter coated 

with gold to reveal the microstructure. The sample was then sputter coated with gold for 

3 minutes at 2.5 V. Gold coating was done to avoid charging while imaging. The section 

was imaged using an electron beam at 5 kV of accelerating voltage. 

3.2.2.2 Morphology of Char Structure 

       The morphology of the char structure of MLS and LDH nanocomposites in PE and 

MLS/ LDH nanocomposites are studied by using ESEM –FEI Quanta.  

      To study the char structure of the sample, the residue of the specimens after the flame 

test is used. The residue was in the form of fine powder in the case of nanocomposites 

prepared with MLS. The residue obtained in nanocomposites prepared with LDH was a 

solidified molten viscous mass which was cut to obtain the test sample for imaging. The 

samples were mounted with the same colloidal graphite used as in LDH/ MLS samples. 

Gold coating was not required in this case due to the carbonaceous char. The samples are 
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thus prepared for SEM imaging. The imaging was done in the low vacuum mode at a 

chamber pressure of 0.23 Torr and a voltage of 15 kV at a spot size of 5. 

3.2.3 X-Ray Diffraction 

X-ray diffraction is a tool for the investigation of the fine structure of matter. This 

technique had its beginnings in von Laue’s discovery in 1912 that crystals diffract X-

rays, the manner of the diffraction revealing the structure of the crystal. At first, x-ray 

diffraction was used only for the determination of the crystal structure. Later on, 

however, other uses were developed and today the method is applied not only to structure 

determination but to such diverse problems as chemical analysis and stress measurement, 

to the study of phase equilibria and the measurement of particle size, to the determination 

of the orientation of one crystal or the ensemble of orientations in polycrystalline 

aggregate. 

X-ray diffraction is based on Bragg’s law which is given by the formula 

nλ = 2dsinθ 

where, 

λ= wavelength 

θ= Bragg’s angle 

d= d-spacing between planes 

Bragg’s law states the essential condition which must be met if diffraction is to occur. N 

is called the order of reflection, it may take on any integral value consistent with sinθ not 

exceeding unity and is equal to the number of wavelengths in the path difference between 

rays scattered by adjacent planes. Therefore, for fixed values of λ and d, there may be 
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several angles of incidence θ1, θ2, θ3 … at which the diffraction may occur corresponding 

to n=1,2,3…
58

.  

Debye Scherrer’s formula is used to calculate the crystallite lamella size. Scherrer’s 

equation is given as  

Crystallite Lamella size= 0.9 λ/(B cos θ) 

Where, B is full width half maxima in nm. 

3.3 Thermal Analysis 

Differential scanning calorimetry (DSC) was used to study the effect of LDH on 

Tg of PE. Thermogravimetric analysis (TGA) was used to study the degradation 

properties of PE nanocomposites. 

3.3.1 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry, based on power compensation is a technique 

for measuring the energy necessary to establish a nearly zero temperature difference 

between a substance and an inert reference material as it is subjected to identical 

temperature regimes in an environment heated or cooled at a controlled rate. This 

recorded heat flow gives a measure of the amount of energy absorbed or evolved in a 

particular transition and hence gives calorimetric measurements directly. 

In DSC, the sample and the reference materials are provided with their own 

separate heaters, as well as their own temperature sensors. The temperature is maintained 

in both the sample and reference by electrically controlling the heat transferred to them. 

The area under the peak in the DSC profile is proportional to the heat change involved. 
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The DSC data is obtained on a Perkin-Elmer DSC 7 instrument, which operates 

on a heat flux mode. The system is calibrated using elemental indium. 5-10 mg of sample 

is used for each run. A first heating scan is carried from 30oC to 200oC at the heating rate 

of 10 oC/min. It is held at 200 oC for one minute and cooled from 200 oC to 30oC at a 

cooling rate of 10 oC/min. The second scan is a repetition of the first heating and cooling 

cycle. 

3.3.2 Thermogravimetric Analysis (TGA) 

           TGA is a branch of thermal analysis, which examines the mass change of a sample 

as a function of temperature in the scanning mode or as a function of time in isothermal 

mode. TGA is used to characterize the decomposition and thermal stability of materials 

under variety of conditions and to examine the kinetics of the physico-chemical processes 

occurring in the samples. It is used to compare the behavior of polymer with or without 

additives 

Thermogravimetry is used to measure the mass or change in mass of a sample as a 

function of temperature or time or both. Changes of mass occur during sublimation, 

evaporation, decomposition, and chemical reaction, magnetic or electrical 

transformations. In TGA, the change of mass of a specimen is measured either absolutely 

in milligrams or relatively as a percentage of the starting mass, and plotted against 

temperature or time. Plastics may change mass in one or more steps. The percentage loss 

of mass ML is calculated from the masses ms (at the start, before heating) and mf (at the 

end of temperature, T) using the following equation:
59
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                               ML = ms- mf  * 100 [%]  

                                            ms 

TGA measurements were carried out in a TGA 6 Perkin-Elmer analyzer under a 

nitrogen atmosphere. Around 10 mg of sample was used. The measurements were 

performed from 50-800°C at a heating rate of 10°C/ min. 

 

3.4 Flammability 

The flammability was tested using flammability UL-94 system. This fire test 

response standard covers a small scale laboratory procedure for determining comparative 

burning characteristics of solid plastic material.  The results obtained by this testing are 

intended to serve as a preliminary indication of their acceptability with respect to 

flammability for a particular application. The procedure consists of subjecting a set of 

specimens of identical composition and geometry to a standard flame for 30-s flame 

applications. The after flame time is recorded after the first flame application and the 

flame and afterglow times are recorded on whether or not flaming material drips from the 

specimen. 

The test results represent after flame and afterglow time in seconds for a material 

of specified shape, under the conditions of this test method. The effect of material 

thickness, color additives, and possible loss of volatile components is measurable.  

Horizontal Flame Testing:  

 This fire- test-response method covers a small scale laboratory screening 

procedure for comparing the relative linear rate of burning or extent and time of burning, 
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or both, of plastics in the form of bars and tested in a horizontal position. A bar specimen 

of the material to be tested is supported horizontally at one end. The free end is exposed 

to a specified gas flame for 30s. Time and extent of burning are measured and reported if 

the specimen does not burn 100mm. An average burning rate is reported for a material if 

it burns to the 100mm mark from the ignited end of average sample dimensions 130mm x 

14mm x 4 mm. The apparatus is arranged as shown in Figure 3.1 

 

 

Figure 3.1 Horizontal testing in UL-94 for 94HB classification.60 

Significance of the test: 

• Comparison of the rate of burning or extent and time of burning, or both of 

different materials. 

• The rate of burning and other burning phenomena will be affected factors such as 

density, pigments, any anisotropy of the material and thickness of the specimen. 

• The linear burning rate (V) is obtained by the formula 
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                   V=60xL/t 

Where, 

L = the burned length, in mm 

t = the time in seconds61 

 

            The atmosphere inside the chamber during in and around the test is maintained 

between 15-35°C and 45 to 75 % relative humidity. The specimen is inclined at an angle 

45 + 2°. The gas supplied to the burner is Methane gas. A 20-mesh wire gauze, made 

with 0.43 + 0.03 mm diameter iron wire cut to 125 mm2, is placed under the specimen to 

sustain burning particles falling from the specimens. Five test specimens for each 

composition of 125+ 5mm long, 13.0 + 0.5 and a thickness of 4.5 mm are used. A blue 

flame of height 20mm is used for ignition for 30 seconds. The time taken for the flame 

front to reach the reference mark is noted. A flexible support fixture was not used for the 

test. After each test, the exhaust is used to ensure similar test conditions. 62,63 

3.5 Mechanical Properties 

3.5.1 Tensile Testing 
 Mechanical properties of the films were measured by means of Material Test 

System (MTS). For tensile measurements the samples are of the dimensions specified in 

ASTM D638. In a typical tension test, dog-bone samples of the materials are subjected to 

a uniaxial tensile force which is continually increasing. The resulting data would give the 

relationship between stress and strain experienced by the sample under tension. The 

stress-strain curve is used to determine the mechanical properties such as yield strength, 
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modulus, and ultimate tensile stress of the material. The elastic behavior of the material 

can also be studied. 

 Two types of tension testing machines are used commercially: 

• Load controlled machines 

• Displacement controlled machines 

In load controlled machines such as older type hydraulic machines, the load is adjusted 

precisely and displacement is dependent on the load and cannot be controlled. In 

displacement controlled machines, the load adjusts itself to the displacement. The present 

study is carried out on the more recent type of machine which is load and displacement 

controlled which is servohydraulic and is computer operated. 64 

Five standard specimens with the width to thickness ratio according to the ASTM 

standard D 638 are used to study the mechanical behavior of the nanocomposites. The 

width of the sample is 3.62 mm and the thickness is 3.74mm. The gauge length is 12mm. 

The tension was applied at a rate of 5mm/min 

3.5.2 Micro-Hardness Testing 

 Hardness implies a resistance to deformation. There are three general types of 

hardness measurements depending on the manner in which test is conducted. These are  

• Scratch hardness 

• Indentation hardness 

• Rebound or dynamic hardness. 
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     Vickers indentation hardness test uses a square based pyramid as the indenter. The 

included angle between opposite phases of the pyramid is 136°. This angle was chosen 

because it approximates the most desirable ratio of indentation diameter to ball diameter 

in the Brinell hardness test. Because of the shape of the indenter, this is frequently called 

the diamond pyramid hardness test. Vickers hardness number (VHN) is defined as the 

load divided by the surface area of the indentation. The area is calculated from the 

microscopic measurements of the lengths of the diagonals of the impression 

VHN= 2Psin(θ/2)    = 1.854P 
               L2                            L2 

Where, 

P=applied load 

L= average length of diagonals, mm  

θ -=angle between opposite faces of diamond =136° 

 The loads ordinarily used with this test range from 0.1 to 120kg depending on the 

hardness of the material to be tested. This test is in accordance with ASTM 92-72.65The 

load that was used in the present study is 0.25 kg. 
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CHAPTER 4  
 

RESULTS AND DISCUSSION 
 

4.1 Dispersion 

Optical microscopy, SEM and X-ray diffraction techniques were used to study the 

dispersions in the PE matrix. 

4.1.1 Optical Microscopy 
 
   Figure 4.1 -4.3 is a comparison of optical micrographs of pure PE and 5MLS , 

15MLS, 30MLS, 60MLS and 5 LDH, 15 LDH, 30 LDH and 60 LDH.  

 

 
 

Figure 4.1: Optical micrograph of pure PE. 
 
 

         Pure PE shows a clear image with no presence of any particles (Figure 4.1). Only 

the smooth polished surface is revealed in the optical microstructure. There is also no 

presence of any deformation. 
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(a) Optical micrograph of 5 MLS  

 

 
 

(b) Optical micrograph of 15 MLS  
 

 
 

        
 

       (c) Optical micrograph of 30 MLS  
 

 

 
 

(d) Optical micrograph of 60 MLS 

 
 

Figure 4.2:  Optical microstructures of PE and MLS nanocomposites showing dispersion 

of MLS. 

MLS is added to PE at different concentrations, the dispersion of the particles can 

be observed in Figure 4.2. The MLS particles are spread over the entire PE matrix 

showing traces of agglomeration of MLS. 5MLS nanocomposite shows a good 

distribution of MLS particles in the PE matrix. 15 MLS nanocomposites shows a similar 
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pattern of clay particles in the PE matrix, but with more particles. The formation of 

agglomerates has increased in this case. 30 MLS nanocomposites show large 

agglomerated MLS particles in the PE matrix. As the concentration of MLS increases, the 

size of the agglomerates increases. 60 MLS nanocomposites show the largest sized 

agglomerates than the other concentrations which have been used in this study. The 

particle size is analyzed by using Image J. The results are tabulated in the Table 4.1. 

 

Table 4.1: Data for optical microscopy images of PE and MLS nanocomposites. 
 

Material Mean 

particle size 

(µm) 

Minimum 

particle size 

(µm) 

Maximum 

particle size 

(µm) 

Standard 

deviation 

(µm) 

5 MLS 3.3 0.4 21.4 5.3 

15 MLS 5.2 1.4 36.6 6.8 

30 MLS 24.7 1.0 87.1 4.3 

60 MLS 42.6 4.1 143.2 12.1 

 

         It can be observed from the table that as the MLS concentration increases, the 

particle size increases and this is due to the formation of agglomerates. The mean, 

minimum and the maximum particle size in 5MLS nanocomposites indicates that the 

particles are well dispersed and a few agglomerates are formed. In the case of 15MLS 

nanocomposites, the agglomerate size has increased as compared to 5MLS but a 

significant difference in the mean particle size is not observed. 30 MLS nanocomposites 
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shows a larger mean particle size and a large maximum particle size indicating an 

increase in the number of agglomerates and also the presence of large agglomerates. 60          

MLS nanocomposites show a very large mean particle size and a very large maximum 

particle size and a high standard deviation as well. This indicates that the MLS particles 

are disbursed all over the matrix with various particle sizes and agglomerates of different 

sizes and large particles of MLS in the PE matrix. 

 

     
  

(a) Optical Micrograph of 5 LDH 

  

      
 

(b) Optical Micrograph of 15 LDH 
 
 

   
 
(c) Optical Micrograph of 30 LDH 
 
 

 
 

       
    

  (d) Optical Micrograph of 5 LDH 

Figure 4.3: Optical microstructures of PE and MLS nanocomposites showing dispersion 

of LDH. 
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LDH is added to PE at different concentrations, the dispersion of the particles can 

be observed in Figure 4.3. 5LDH nanocomposite shows a good distribution of LDH 

particles in the PE matrix. The platelet structure of LDH can be observed from the figure. 

The LDH particles are spread over the entire PE matrix. 15LDH nanocomposites shows 

formation of agglomerates and particles are distributed all over in the PE matrix. The 

formation of agglomerates has increased in the case of 30LDH nanocomposites. Also we 

can see different sizes of particles. As the concentration of LDH increases, the size of the 

agglomerates increases. 60LDH nanocomposites show the largest sized agglomerates 

than the other concentrations which have been used in this study. The LDH particles 

seem to have formed agglomerates of LDH and they are in the PE matrix as a dense 

structure is observed. The particle size is analyzed by using Image J. The results are 

tabulated in the Table 4.2. 

  

Table 4.2: Data for optical microscopy images of PE and LDH nanocomposites. 
 
Material Mean 

particle size 

(µm) 

Minimum 

particle size 

(µm) 

Maximum 

particle size 

(µm) 

Standard 

deviation 

(µm) 

5LDH 6.4 1.0 31.2 6.6 

15LDH 8.4 0.9 48.8 5.8 

30LDH 30.6 0.9 95.2 9.2 

60LDH 42.1 2.4 161.8 8.4 
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The particle size analysis of the LDH nanocomposites indicates an increase in 

formation of agglomerates with an increase in concentration. 5LDH nanocomposites have 

a low mean particle size but a high maximum particle size, indicating presence of 

agglomerates. 15LDH nanocomposites show a further increase in the agglomeration. 30 

and 60 LDH nanocomposites show large particle size indicating increase in the formation 

of agglomerates. 

        As seen clearly from the images, agglomerates are found in all concentrations of 

LDH. Also, the agglomeration tends to increase with an increase in the concentration 

MLS/ LDH.  

The particle size on an average is increasing in the nanocomposites which indicate 

the formation of agglomerates in the nanocomposites. Also observed is the maximum 

particle size which increases with the increase in weight percentage of the nanoclays. 

MLS had lower agglomerates when compared to LDH.  

4.1.2 SEM Imaging 

 
        The fractured surface of the PE and MLS nanocomposites and PE and LDH 

nanocomposites obtained after tensile testing are used for SEM imaging to study the 

distribution of clay platelets in the polyethylene matrix on Nova 200 Dual Beam FIB / 

FESEM. The fractured surfaces were sputter coated with gold to reveal the 

microstructure.  
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(a) At 350X                                                        (b) At 1495X     

Figure 4.4:  Fractured cross-section of 5MLS at different magnifications. 
 
 

 

       
     

(a) At 250X                                                    (b) At 810X 
 

Figure 4.5: Fractured cross-section of 15MLS at different magnifications. 
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                         (a) At 511X                                                   (b) At 5000X 
 
 
     Figure 4.6:   Fractured cross-section of 30MLS at different magnifications. 
 
 
 
      The SEM images show the distribution the clay platelets in the polymer matrix. 

Figure 4.4 to Figure 4.6 show the distribution of MLS in PE matrix. A few particles of 

MLS can be observed evenly distributed in the matrix. Figure 4.4 and Figure 4.5 show 

the formation of MLS agglomerates in the matrix. The size of the particles of 5 MLS 

nanocomposites varies from 3-20 microns. The 15 MLS nanocomposites have a particle 

size of 5-30 microns. These agglomerates are distributed all over the matrix. As the 

weight percentage of clay is increasing, the formation of agglomerates and their size  

increasing. As can be observed form the images of 30 wt% MLS. This supports the 

optical microscopy images. The 30 MLS nanocomposites has a particle size in the range 

24-80 microns. Figure 4.6 shows the formation of large lumps of MLS in the PE matrix.  
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(a) At 209X                                                   (b) At 100X 
 

Figure 4.7 Fractured cross section of 5LDH. 
 

 
 

   
 

 
(a) At 250X                                                        (b) At 121X 

 
Figure 4.8  Fractured cross-section of 15LDH at different magnifications. 
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(a) At 128X                                                   (b) At 522X 
 

Figure 4.9: Fractured cross-section of 30LDH at different magnifications. 
 

 
 
 The SEM images of PE and LDH nanocomposites show the distribution of LDH 

platelets in the polyethylene matrix. Figure 4.7 shows the elastic fracture of 5 wt% LDH 

and particles of LDH evenly distributed in the matrix. The 5 LDH nanocomposites show 

a particle size of 6-20 microns. The 15LDH nanocomposites have a particle size in the 

range of 8-25 microns. The cross-section of the sample is also very small due to 

significant necking. Figure 4.8 shows the fractured surface of the cross section. As the 

concentration of the clay is increasing, the agglomerate formation is increasing, Figure 

4.9 show the large agglomerates present in the polyethylene matrix. 30 LDH 

nanocomposites shows a particle size ranging from 15-45 microns. It is also noted that, 

LDH forms larger agglomerates than MLS. As supported by the optical microscopy 

images.  
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4.1.3 X- Ray Diffraction 

 
X-ray diffraction technique was used to study the dispersion of clay in an PE 

matrix. Figure 4.10 and Figure 4.11 show the XRD pattern of PE and MLS/ LDH 

nanocompsoites. X-ray diffraction patterns were collected at a scanning rate of 0.5o/min 

from 2Ө = 2o to 2Ө = 70o with CuKα radiation (λ = 1.54056Å on a Rigaku Miniflex X-

ray diffractometer with a variable slit width. The X-ray pattern of PE is given in Table 

4.3 indicating the different reflection peaks. Table 4.4 shows the X-ray pattern for LDH. 

The XRD pattern of the pure PE shows two major peaks at (110) and (200). The results 

are tabulated in Table 4.3.  

Table 4.3 X-ray patterns of PE showing the characteristics of the different reflectance 

peaks. 

PE (110) (200) 
Reflection angle (2θ) 

 
21.32 23.54 

Interlayer 
spacing(Å) 

 

4.16 3.77 

FWHM(Å) 
 

0.86 1.00 

Table 4.4  X-ray patterns of MLS showing the characteristics of the different reflectance 

peaks. 

MLS (001) (002) (003) (004) (005) (006) 
Reflection angle 
(2θ) 
 

4.84 19.70 21.84 24.74 35.19 61.81 

Interlayer 
spacing(Å) 
 

18.21 4.50 4.06 3.59 2.55 1.49 

FWHM(Å) 
 

1.82 1.11 0.91 0.85 1.14 0.42 
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  The XRD of MLS has two predominant peaks at (001) and (003). There are other peaks 

which can be observed and the results are tabulated in Table 4.4. MLS has a number of 

peaks due to its crystalline structure.

 

10 20 30 40 50 60 70
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 5 MLS
 15 MLS
 30 MLS
 60 MLS
 MLS

2 Theta, Degree

PE

5 MLS

15 MLS

30 MLS

60 MLS

MLS

 

Figure 4.10: XRD pattern for PE and MLS and the nanocomposites. 
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        Figure 4.10 shows the overlay of PE, MLS and their nanocomposites. The results are 

overlaid to observe the effect of MLS on PE. 

 

 

Table 4.5 X-ray patterns of MLS and the nanocomposites: effect of PE addition on the 

(001) peak of MLS. 

Material 2-θ 
(degree) 

d (Å) FWHM(Å) Crystalline lamella (nm) 

MLS 4.84 18.21 1.82 45.94 
 

5 MLS 5.75 15.35 1.70 49.18 
15 MLS 5.75 15.35 1.82 45.94 
30 MLS 5.65 15.62 1.99 42.06 
60 MLS 6.05 14.59 1.62 51.61 
 
Table 4.6 X-ray patterns of MLS and the nanocomposites: effect of MLS addition on the 

(011) peak of PE. 

  
Material 2-  θ (degree) d (Å) FWHM(Å) Crystallite 

Lamella size 
(nm) 

PE 21.3 4.1 0.86 97.22 
5 MLS 21.4 4.1 0.66 126.68 
15 MLS 21.4 4.1 0.60 139. 35 
30 MLS 21.4 4.1 0.49 170.63 
60 MLS 21.4 4.1 0.38 220. 03 
 
           The effect of MLS in different concentrations of PE on the (001) peak can be 

observed in Table 4.5. MLS has a peak at 4.84 2θ degrees and d spacing of 18.21(Å) and 

full width half maximum is 1.82. 5MLS nanocomposite shows the peak of the 

nanocomposite shifting towards the right and a decrease in d spacing and a decrease in 

FWHM.  15 MLS has a similar pattern as that of 5 MLS but with an increase in FWHM 
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which is the same as MLS. 30 MLS nanocomposites show a shift in peak and a decrease 

in d spacing and increased FWHM as compared to MLS. 60 MLS shows the greatest 

peak shift and the lowest d spacing and also the lowest FWHM.  The crystallite lamella 

size (based on Scherrer’s equation) increases with the increase in LDH concentration.  As 

the FWHM decreases, the crystallite lamella size increases. 

        The effect of MLS addition on the (011) peak of PE is shown in Table 4.6. It can be 

observed that there is a slight peak shift with the addition of MLS to PE and it is the same 

for all concentrations. Slight variations can be observed in the FWHM. From the results 

thus obtained, it can be concluded that MLS for all concentrations is immiscible with PE. 

Also, the layered structure is retained in the nanocomposites and MLS imparts 

crystallinity to PE. The decreased d spacing can be attributed to collapse of the surfactant 

in the galleries of the MLS. 

  The XRD pattern of LDH shows many sharp peaks attributing to the crystalline 

nature. The most predominant peaks are listed in Table 4.7.  

 
Table 4.7  X-ray patterns of LDH showing the characteristics of the different reflectance 

peaks. 

LDH 
 

(003) (006) (009) (0012) (0015) 

Reflection angle (2θ) 
 

4.95 20.60 25.84 34.60 61.05 

Interlayer 
spacing(Å) 
 

17.83 4.30 3.44 2.59 1.51 

FWHM(Å) 
 

1.31 0.93 0.48 1.49 0.98 
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       XRD of the PE and LDH nanocomposites can be observed from Figure 4.11. The 

presence of LDH can be observed from the peak at 4.95. LDH imparts crystallinity to PE. 

Table 4.8 shows the effect of MLS on PE on the (003) peak of LDH. LDH has peak at 

4.95 θ degrees and d spacing on 17.83 (Å) and a FWHM of 1.31. 5LDH nanocomposites 

shows a decrease in d spacing and also the FWHM. 15LDH nanocomposites shows a 

slight shift in peak towards the left and an increase in d-spacing and also an increase in 

FWHM. 30LDH does not show much variation when compared to LDH. 60LDH shows a 

slight peak shift towards the left and increased d-spacing. It can be observed that 5% 

LDH is dispersing well in the PE matrix. 
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Figure 4.11:XRD pattern of PE and LDH nanocomposites. 

 
Table 4.8  X-ray patterns of LDH and the nanocomposites: effect of PE addition on 

the (003) peak of LDH. 

 

Material 2-Θ(degree) d (Å) FWHM(Å) Crystalline 
Lamella(nm) 

LDH 4.95 17.83 1.31 63.82 
5 LDH 4.98 17.66 0.53 157.76 
15 LDH 4.75 18.58 1.43 58.47 
30 LDH 4.95 17.82 1.22 68.53 
60 LDH 4.80 18.37 1.36 61.48 
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Table 4.9 X-ray patterns of LDH and the nanocomposites: effect of LDH addition on the 

(110) peak of PE. 

 

 
Material 2- Θ (degree) d (Å) FWHM(Å) Crystalline 

Lamella (nm) 
PE 21.3 4.1 0.86 97.22 
5LDH 21.4 4.1 0.70 119.44 
15 LDH 21.4 4.1 0.67 124.79 
30 LDH 21.4 4.1 0.89 93.94 
60 LDH 21.4 4.1 0.68 122.96 
 
         The effect of LDH on the (110) peak of PE can be observed in Table 4.9. PE has a 

peak at 21.3 2θ degrees and a d-spacing of 4.1. With the addition of LDH, a slight peak 

shift is observed and no change in the d-spacing. There are slight variations in the 

FWHM. 5 LDH nanocomposites shows good dispersion. Even though it is still 

intercalated, the interlayer spacing is more ordered within the matrix. LDH 

nanocomposites seem to have the highest crystallite size in the case of 5LDH and 

15LDH. 

 XRD data indicates the intercalation of PE with MLS/ LDH. The d spacing (the 

interlayer distance) is calculated using Bragg’s diffraction law. The addition of the 

nanoclays increases the crystallinity of the PE matrix. Also observed is that LDH is more 

crystalline than MLS.   Also, from Figures 4.10 and 4.11, it can be observed that the 

layered structure of the nanoclay is retained in the nanocomposites. MLS for all 

concentrations is immiscible. 
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4.2 TGA Measurements 

 
 The TGA curves of the pure PE and pure MLS are shown in Figures 4.12, 4.13. 

The TGA of blends 5, 15, 30 and 60 wt% MLS were traced in Figure 4.14. The thermal 

stability of the samples shows the weight loss behavior as a function of temperature. The 

TGA curve of Pure PE (Figure 4.24) exhibits a single weight loss zone and it completely 

decomposes at a temperature of 480 °C whereas MLS (Figure 4.13) displays multiple 

weight loss zones. Differences can be seen in the degradation in the thermograms. Pure 

PE has lower thermal stability than MLS till a temperature of 480 °C (Figure 4.14). 

Thermal stability of the blends increases with the increasing PE with respect to MLS till a 

midpoint temperature of 480°C. From 480° C to 800 °C, thermal stability of the blends 

increases with increase in weight percent of MLS with respect to PE. This can be 

observed in Figure 4.14. 
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Figure 4.12 TGA and DTG curves of pure PE. 
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TGA and DTG of Cloisite B
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Figure 4.13: TGA and DTG of MLS. 
 

The DTG curve of MLS shows one single weight loss zone below 100°C and 

multiple weight loss zones between 140-700°C (Figure 4.13).The first single weight loss 

is centered at 80 °C. The second, third and fourth weight loss zones are centered at 276, 

401 and 578°C respectively. These multiple peaks can be attributed to the different 

decomposition rates of components within MLS and account for a large amount of 

weight loss (Table 4.10). The weight loss percentage refers to the amount of weight loss 

of the material when it is subjected to combustion.  
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Figure 4.14  TGA curves of pure PE, MLS30 B and their corresponding blends. 

 
 

Table 4.10 TGA data for PE and MLS nanocomposites. 
 
 

Material  Onset,°C 
Endset, 

°C 

Temperature of 
Maximum 
Weight Loss, °C  

Final 
Weight 
Loss,  

∆∆∆∆ Y, % 
PE 456.61 487.54 480.16 99.91 

5 MLS 455.37 473.52 471.77 93.95 
15 MLS 451.79 473.52 466.17 87.91 
30 MLS 450.54 473.09 463.57 75.92 
60 MLS 437.66 468.68 457.97 54.45 

MLS 321.3 444.15 386.80 26.61 
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                                               Figure 4.15:  Overlay of DTG curve.  
 
       Figure 4.15 shows the DTG curves of PE, MLS and their blends with specific 

compositions of 5, 15, 30 and 60% by weight MLS in PE. The DTG curve gives the 

temperature where maximum decomposition takes place in each of the material. This can 

be observed from Table 4.10. 

 
TGA Measurements of PE and LDH nanocomposites:  

The TGA curve of Pure LDH (Figure 4.16) exhibits a single weight loss zone 

below 200°C and is centered at 131°C and multiple weight loss zones from 200 to 800 
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°C. The multiple weight loss zones are centered at 381 and 496°C. The first weight loss 

zone is attributed to evaporation of water present in LDH. The layered structure of LDH 

collapses at the second weight loss zone and at the third weight loss zone; the degradation 

of PTS takes place.  

 

 

 

 

 

 

 

  

 

 
 
 
 

Figure 4.16 :TGA and DTG of LDH. 
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Figure 4.17(a):  TGA curves of pure PE, LDH and their corresponding blends. 
 
 

 
The TGA curves of the blends with 5, 15, 30 and 60 % by weight of LDH with 

PE, pure PE and LDH are traced in Figure 4.17. The thermal stability of the blend 

increases with increasing PE content with respect to LDH up to a temperature of 550°C. 

The thermal stability of the blend increases with increasing LDH with respect to PE from 

550 to 800°C. The weight loss can be observed from Table 4.11. 
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            Figure 4.17 (b):  DTG overlay of PE and LDH nanocomposites. 
 
 

Table 4.11 TGA data for PE and LDH nanocomposites. 
 
 
 
 
 
 
 
 
 

 

 

Material  Onset,°C 
Endset, 

°C 

Temperature 
of Maximum 
Weight Loss, 

°C 

Final 
Weight 

loss,  
∆∆∆∆ Y, % 

PE 456.61 487.54 480.16 99.91 
5 LDH 456.89 489.68 478.76 97.87 
15 LDH 456.73 489.55 477.56 88.75 
30 LDH 451.09 487.19 475.16 77.05 
60 LDH 355.43 477.36 477.36 57.92 

LDH 358.08 544.32 506.75 54.45 
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        It has been observed that the weight loss percentage is more or less the same for the 

PE and MLS nanocomposites and also the PE and LDH nanocomposites although the 

weight loss of LDH is larger than weight loss of MLS. In both cases, thermal stability has 

improved. 

4.3 DSC Measurements 

 The DSC data is obtained on a Perkin-Elmer DSC 7 instrument. The system is 

calibrated using elemental indium. 5-10 mg of sample is used for each run. A first heating 

scan is carried from 30oC to 200oC at the heating rate of 10 oC/min. It is held at 200 oC for 

one minute and cooled from 200 oC to 30oC at a cooling rate of 10 oC/min. The second 

scan is a repetition of the first heating and cooling cycle. 

In the first heating scan, pure PE has one predominant peak at 98.87 oC and a 

slight bump can be observed at 52 oC. This is typical of an LLDPE and the bump 

indicates the presence of hexane. In the first cooling scan, pure PE shows a peak at 83 oC 

indicating its semi-crystalline nature (Figure 4.18, 4.19)  

The effect of MLS on PE can be observed from the first heating cycle (Figure 

4.18). 5 MLS nanocomposites show a peak shift to the right and a decrease in the peak 

width. With further addition of MLS, the peak shift is more or less the same as that of 5 

MLS. 5% therefore is the threshold for the PE and MLS nanocomposites. However, the 

first heating scan is conducted to eliminate thermal history. The second heating scan 

would give the results with the thermal history eliminated.  

The first cooling scan shows the effect of MLS on PE (Figure 4.19). With an 

addition of 5wt% MLS, there is a peak shift towards the right. This indicates that 
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crystallinity is highly increased with addition of 5% MLS and the decrease in peak width 

indicates nucleation. Addition of 15 wt% MLS shows the highest crystallinity compared 

to other enhanced concentrations. There is not much enhancement of properties with 

further addition of MLS. 
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Figure 4.18: Effect of wt% MLS on PE (first heating scan). 
 

Table 4.12  DSC data for PE and MLS nanocomposites (first heat). 
 

    Material    Temperature of   Onset   End     Breadth    Peak Height   Area     ∆H 
                      transition (°C)      (°C)    (°C)       (°C)         (mW)            (mJ)    (J/g) 
     
      PE                  98.87       86.87    103.9     17.05          5.01          331.68    44.22 
      5 MLS         114.57       107.93  117.15      9.2           16.30         453.14    78.71 
      15MLS        114.98       107.42  117.99      9.73         10.84         608.17    93.52 
      30MLS        114.65       107.59  117.55      9.96           6.55         370.35    93.32 
      60 MLS       113.92       106.48  117.40      10.92        7.89           544.76   156.54 
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Figure 4.19:  Effect of wt% MLS on PE (cooling scan). 
 
 

Table 4.13 DSC data for PE and MLS nanocomposites (first cooling scan). 
 

Material    Temperature of   Onset   End     Breadth    Peak Height   Area     ∆H 
                  transition (°C)      (°C)    (°C)       (°C)         (mW)            (mJ)    (J/g) 
     
 
PE                  83.87            86.87    103.9     17.05          5.01          331.68     44.22 
5MLS           101.02            102.93    96.53      6.4            13.89        430.6      74.79                    
15MLS         101.471           103.02   98           5.02         101.47       370         56.90 
30MLS         100.551           102.53   96.79      5.74           12.66       376.88    94.95 
 60MLS          98.28             101.77   91.21     10.56           9.58        458.94    131.87 
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Figure 4.20: Effect of wt% MLS on PE (second heating scan). 
 

Table 4.14 DSC data for PE and MLS  nanocomposites. 
 
    Material    Temperature of   Onset   End     Breadth    Peak Height   Area     ∆H 
                      transition (°C)      (°C)    (°C)       (°C)         (mW)            (mJ)    (J/g) 
     
      PE                  98.87       86.87    103.9     17.05          5.01          331.68    44.22 
      5 MLS         114.61       108.1     117.4       9.3           7.46          333.2      57.87 
      15MLS        113.76       108.06   116.21     8.15         8.18          349.8      53.78 
      30MLS        114.23       107.8     117.5       9.7           6.85          419.95    105.79  
      60MLS         116.45      107.70  120.31     12.51        6.97          491.18    141.14 
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Figure 4.21 Effect of MLS on PE second cooling scan. 
 
 

 
Table 4.15  DSC data for PE and MLS nanocomposites, second cooling scan. 
 
Material    Temperature of   Onset   End     Breadth    Peak Height   Area     ∆H 
                  transition (°C)      (°C)    (°C)       (°C)         (mW)            (mJ)    (J/g) 
     
 
PE                  82.27               86.26   76.02     10.24           8 .95       387.1      51.61 
5MLS           101.46              103.12  98.09       5.03          16.30       430.04    74.69 
15MLS         100.56              102.79  94.39      8.4             17.47       692.62    106.51 
30MLS         100.48              102.62  95.72      6.9             12.33       396.73     99.95 
60MLS           98.27              101.77  91.21      10.56           9.31       370.25    106.39 
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       The second heating scan shows the data after the thermal history has been 

eliminated. A peak shift towards the right has been observed with the addition of 5% 

MLS. The maximum peak shift is observed in 5 MLS compared to all other 

concentrations of MLS in PE. However, the maximum peak height and the minimum 

peak width can be observed in the 15 wt% nanocomposites. 

      The second cooling scan shows that the temperature of transition has increased with 

the addition of MLS. The highest crystallinity is observed in the 15 MLS 

nanocomposites. 
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Figure 4.22: Effect of increasing MLS concentration on ∆H (second heating scan). 
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          From the Figures 4.22, 4.23, a dependence of concentration of MLS on ∆H is 

observed. There is an increase in the ∆H till with the increase in MLS concentration the 

heating scan. 
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Figure 4.23 Effect of increasing MLS concentration on ∆H, (first cooling scan). 
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                Figure 4.23:  Effect of wt% LDH on PE (first heating scan). 
 

Table 4.16  DSC data for PE and  LDH  nanocomposites (first heating scan). 
 
Material         Temperature of   Onset    End     Breadth      Peak Height    Area      ∆H 
                       transition (°C)      (°C)     (°C)       (°C)         (mW)             (mJ)    (J/g) 
 
PE                   89.46                   94.01    102.91    8.9       22.21            323.86    44.22                      
PE+5 LDH     115.37                106.09   119.33   13.24    12.96            826.67    108.67 
PE+15 LDH   115.22                107.25   119.09   11.84    12.42            957.61     131 
PE+ 30LDH   115.24                107.25   118.38   11.13     8.06             556.67     148.67 
PE +60 LDH  113.08                107.43   115.45     8.02     5.15             294.2     157.53 
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                 Figure 4.24: Effect of wt% LDH on PE (first cooling scan). 
 

 

Table 4.17 DSC data for PE and LDH nanocomposites (first cooling scan). 
 
Material         Temperature of   Onset   End     Breadth      Peak Height    Area       ∆H 
                       transition (°C)      (°C)     (°C)       (°C)         (mW)             (mJ)       (J/g) 
 
PE                    99.52                 102.01   93.04      8.97        7.41             321.92    44.22             
PE+5LDH       101.85                104.47   95.38      9.09       19.76             811.20   106.4 
PE+15LDH     103.02                107.40   97.47      9.93       8.26               254.83   34.86 
PE+30LDH     103.0                  107.46   97.11      10.35     6.3                 285.59   76.27 
PE +60LDH    103.9                  108.6    97.62        5.02      4.72               223.5     80.97 
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           The first heating scan for the PE and LDH nanocomposites is conducted to 

eliminate the thermal history that might be present in the nanocomposites. The 

temperature of transition has increased with the addition of LDH in the PE matrix. 

15LDH nanocomposites has a high peak height and a low peak width. A bump is 

observed in the 60LDH nanocomposite. This could be due to processing (Figure 4.24, 

Table 4.16). 

         The first cooling scan for the PE and LDH nanocomposites shows the crystallinity 

that is achieved with the addition of LDH to the PE matrix. 5LDH nanocomposites show 

a peak shift towards the right indicating high crystallinity and this is due to nucleation. 

LDH nanocomposites with higher LDH concentration do not show as much crystallinity 

as in the case of 5LDH nanocomposites. (Figure 4.25, Table 4.17) 

        The second heating scan shows the effect of LDH on the PE matrix. 5LDH 

nanocomposites show a peak shift and a decreased peak width. 15% shows the maximum 

shift. Therefore 15% is the threshold value. (Figure 4.26, Table 4.18) 

 The second cooling scan shows the effect of LDH on crystallinity of PE. 5LDH 

nanocomposites show a peak shift towards the right indicating high crystallinity and this 

is due to nucleation. The temperature of transition is a maximum at 60% LDH, there is no 

significant difference in the temperature of transition with the increase in weight 

percentage of LDH. LDH nanocomposites with higher LDH concentration do not show 

as much crystallinity as in the case of 5LDH nanocomposites. (Figure 4.27, Table 4.19) 
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Figure 4.25: Effect of LDH on PE, second heating scan. 
 
 
Table 4.18 DSC data for PE and LDH nanocomposites, second heating scan. 
 
Material         Temperature of   Onset    End     Breadth      Peak Height    Area      ∆H 
                       transition (°C)      (°C)     (°C)       (°C)         (mW)             (mJ)    (J/g) 
 
PE                      98.87                86.87    103.9    17.05         5.01             331.68   44.22                 
PE+5 LDH        115.04             108.66   118.50   9.84         14.22            694.66   91.40 
PE+15 LDH      114.77              114.7    117.58   2.88           5.84            195.25   26.70 
PE+ 30LDH      114.97             109.0     117.40   8.4             7.75             202.45  54.07 
PE +60 LDH     114.2               107.09   117.09    10             5.24             382.3   138.68 
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Figure 4.26: Effect of LDH on PE, second cooling scan. 
 

Table 4.19 DSC data for PE and LDH nanocomposites, second cooling scan. 
 

Material         Temperature of   Onset   End     Breadth      Peak Height    Area       ∆H 
                       transition (°C)      (°C)     (°C)       (°C)         (mW)             (mJ)       (J/g) 
 
PE                    98.59                103.12   93.29      9.83       22.68             327.86    44.24 
PE+5LDH       101.73               104.26   94.88      9.38      18.58              826.67   108.77 
PE+15LDH     101.69               105.45   94.61     10.84     14.60              736.61    100.76 
PE+30LDH     102.57               107.27   95.54     11.73      8.59               486.64    129.97 
PE +60LDH    103.50               107.67   99.25      8.42       5.46               254.05     92.05 
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Figure 4.27: Effect of increasing LDH concentration on ∆H (first heat). 
 

 

            From Figure 4.28, a dependence of LDH concentration on ∆H is observed. With 

the addition of 5 wt% clay, there is an increase in ∆H, and at 15 weight % clay loading, 

there is a steep decrease and with further increase in the nanoclay concentration there is a 

steady increase in the value of ∆H in the heating scan. In the cooling scan (Figure 4.29), 

there is a progressive decrease in the value of ∆H excepting the case of 15LDH. 
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Figure 4.28: Effect of increasing LDH concentration on ∆H. 
 

         A slight transition region is observed at around 50o C which is typical of PE. 66 A 

peak shift in the heating scan is observed with the addition of MLS/ LDH. The nanoclays 

incorporate crystallinity to the PE matrix. The peak shift is a maximum at 15MLS/ LDH, 

and not much change is observed with the increase in weight percentage of LDH. This 

implies 15% is the threshold.  

   A peak shift is also observed in the cooling scan with the addition of MLS/ LDH 

in the PE matrix. The temperature of transition is a maximum at 60LDH, there is no 

significant difference in the temperature of transition with the increase in weight 

percentage of MLS/ LDH. Nucleation is observed with the shifting of the curve towards 
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higher temperatures an increase in the start of crystallization, attributing to the short 

chained structure of PE. 67 

4.4 Flammability Testing 

 FR testing was carried out in a HVUL2(Horizontal Vertical Flame Chamber), 

Atlas Fire science products which is in accordance with the UL94, Standard tests for 

Flammability of Plastic Materials for Parts and Device Appliances. The linear burn rate 

for each sample is calculated. Pure PE was burnt completely and failed the test. The PE 

specimens did not form any char and displayed excessive dripping, the particles falling 

on the mesh facilitated re-ignition. The pure PE test specimens are shown in Figure 4.30. 

             

  

 

Figure 4.29: Pure PE samples before flame testing. 
 

        The PE samples are completely burnt in the flame test, leaving very slight residue on 

the mesh, which could not be scraped, but had to be burnt off prior to testing other 

specimens. The PE and MLS nanocomposites of 5MLS and 15MLS compositions were 

also completely burnt leaving a residue which had to be burnt off. The 30 wt% samples 
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produced a sticky viscous residue, of which the first two samples could be scraped off to 

see the results. The samples 3, 4 and 5 were completely burnt. 

 

             

(a) Before Flame testing                            (b) After Flame testing 

Figure 4.30 Samples of 30MLS nanocomposites. 
 

 

 

                 

     (a) Before flame testing                                          (b) After flame testing 

Figure 4.31:  Samples of 60MLS nanocomposites. 
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             (a) Before flame test                                      (b) After flame test 
 
 

Figure 4.32: Samples of 5LDH nanocomposites. 
 

 

            

(a) Before Flame test                                    (b) After Flame test 

Figure 4.33: Samples of 15LDH nanocomposites. 
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          (a) Before flame test                                     (b)After flame test 

Figure 4.34: Samples of 30LDH nanocomposites. 
 

         

          (a)  Before Flame test                                     (b) After flame test 

Figure 4.35: Samples of 60LDH nanocomposites. 
 

 

It has been observed that with an increase in the weight percentage of MLS/ LDH, 

there is a decrease in the linear burn rate indicating longer time for flame propagation. 

The pure PE samples burnt completely and left a slight residue on the mesh which had to 

be burned off to repeat test for other samples. There was no charring. As the 
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concentration of MLS/ LDH increased the dripping decreased. With the addition of MLS/ 

LDH, the samples burnt till the clamp and the formation of char was increased. The 

density of the char has increased with the percentage of MLS/ LDH.  It has also been 

observed that the char in MLS was not hard and was packed loosely. The char after FR 

testing of sample PE + 60% MLS consisted of the clay particles. The PE matrix was 

burnt completely leaving the residue of the clay behind, this was observed while 

removing the sample. The residue was powdery and fell apart on contact. This could be 

due to the silicate layers present and weak bonding between PE and MLS. On the other 

hand, the char of the PE + LDH nanocomposites produced a hardened viscous mass. The 

60% by weight specimen extinguished before the flame front reached the reference mark 

thus passing the 94 HB test. The morphology of the char thus becomes an important 

study. It has also been observed that with the increase in percentage of MLS/ LDH, the 

smoke evolved has decreased considerably; this was observed by the exhaust fumes. The 

evolved smoke can be studied by observing the PHRR by cone calorimetric testing. It has 

also been reported that the most significant flame retardant effect was observed using a 

mass loss calorimeter wherein EVA filled with 50 percent by weight of LDHs has the 

slowest heat release rate and the lowest evolved gas temperature. Thus, the cone 

calorimetric study of PE and MLS/ LDH nanocomposites would prove to be a very 

interesting and important aspect for further study. 
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FR data for PE and MLS nanocomposites
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Figure 4.36:  Effect of increasing weight % of MLS in PE on linear burn rate. 
 

           It is observed that there is a decrease in the linear burn rate by the addition of MLS 

to PE. As the percentage of MLS is increased, there is a decrease in dripping of the 

material and an increase in char formation. It can be observed that there has been no 

significant change on linear burn rate (V) in the concentrations 5, 15 and 30MLS. (Figure 

4.37) It is noted that there is a sharp decrease in V with the addition of 5 wt% MLS. 

Table 4.18 gives the experimental results. 

 

 

 

 



 
 

87 
 

 

Table 4.20 Effect of wt% MLS on linear burn rate, V. 
 

                                  Sample               V (linear burn rate) 
 

                                Pure PE                        9.0170 + 1.02 
                                5MLS                           5.7730 + 0.38 
                                15MLS                         5.541 + 0.92 
                                30MLS                         5.476 + 0.50 
                                60MLS                         4.9164 + 0.63 

 
 

FR data of PE and LDH nanocomposites
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               Figure 4.37: Effect of increasing weight % of LDH in PE on linear burn rate. 
 
 It is observed that with an increasing loading of LDH, there is a steady decrease in 

the linear burn rate (V), unlike PE and MLS nanocomposites which show a sudden 

decrease in V and values of V are consistent with an increase in MLS. This could be due 
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to the structural variations of the layered silicate and layered hydroxides. It has also been 

observed that the char density has increased with an increasing percentage of LDH. This 

indicates compatibility of LDH with PE. Table 4.19 shows the experimental values of V 

obtained. 

 

Table 4.21 PE and LDH nanocomposites. 
 
Sample                                 V (Linear Burning rate)              
         
Pure PE                                9.0170 + 1.02 
5 LDH                                  7.2021 + 2.02 
15LDH                                5.8704 + 0.26 
30LDH                                5.6348 + 0.26 
60LDH                                3.4165 + 2.10 
 
 
 
 

Mechanism of flame retardance 
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Figure 4.38: Showing char formation  during HB 94 testing. 
 

      In general, these materials (the clays) reduce the flammability of the plastic by virtue 

of their endothermic decomposition which absorbs heat from the substrate and 

accompanying evolution of water vapor which dilutes the oxygen in the surroundings. 

The layered structure collapses and this results in the formation of char. Due to the hard 

outer covering, there is decrease in the rate at which the sample burns.  

4.5 Analysis of Char Structure by SEM      

                                                 

     
 
Figure 4.39 (a) Microstructure of MLS.         Figure 4.40 (b): Microstructure of LDH .   
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(a) 15 MLS                                                        (b)15 LDH 

 
        Figure 4.40: Microstructure of char after flame test of 15wt% nanocomposites. 
                       

    

                  (a)   30 MLS                                                           (b) 30 LDH 
 

Figure 4.41: Microstructure of char after flame test of 30wt% nanocomposites. 
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(a) 60 MLS                                                         (b) 60 LDH 

        Figure 4.42: Microstructure of char after flame test of 60wt% nanocomposites. 
 
 
 
 

Morphological Analysis 

 The study of char structure and morphology is important to understand the 

mechanism of flame retardance. The combustion appearance, the structure of the residual 

char and the polymers ability to combustion reveal the characteristics of both the polymer 

and the flame retarding material. “A char can prevent combustible gases from feeding the 

flame and also separate oxygen from the burning material.” During burning, there is a 

possibility of formation of instantaneous char which can extinguish the flame or a there 

can be a presence of carbonaceous char which can be formed and destroyed several times 

during burning. Therefore, the residue is considered to be the final char.68 

 Figure 4.41 show the char structure of 15MLS, 15LDH. A majority of the area 

is covered by the polymer matrix and specks of char particles can be seen. With an 
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increase in the weight percent of clay, Figure 4.42 shows an increase in the char. PE and 

30MLS nanocomposite shows small, equally sized particles which are well distributed. 

30LDH nanocomposites show agglomerates and chunks of particles. This morphology 

can be due to formation of cross links between the LDH and PE and also due to the 

collapsing of the hydroxide layers and forming larger sized particles, thus explaining the 

barrier formation mechanism. 60MLS nanocomposite shows an even smaller particle size 

than 30MLS indicating the probability of MLS falling apart from the PE matrix. (Figure 

4.43) When the MLS nanocomposite burns, there is a collapse of the nanocomposites 

structure resulting in the formation of a silicate-carbon barrier which provides thermal 

protection to the polymer matrix and slows volatization of fuel PE and 60LDH 

nanocomposites reveals a dense char structure acting as a protective barrier which aided 

in the flame extinction. 

 

4.7 Mechanical Properties 

 Mechanical properties of the PE/ LDH and PE/ Closite30B nanocomposites were 

evaluated using Material Test system, 5 samples per determination, crosshead speed of 

0.002 m/sec are shown in Table 4.22 
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Table 4.22 Mechanical properties data for PE/LDH and PE/MLS nanocomposites.               

                                        

Sample      Young’s    

    modulus     

Peak stress      Stress at  

 break       

Elongation at 

break 

Yield stress 

 

PE 538.45 + 59.82 12.9 + 0.34 95.13 +36.09 32.47 + 4.56 12.87 +0.35 

5 MLS 566.98 +40.61 12.97 + 0.7 71.86 +40 24.34 + 3.22 12.93 +0.35 

15 MLS 612.85 +25.99 12.65 + 0.54 57.78 +15.62 14.65 + 2.98 12.39 +0.73 

30 MLS 616.76 +11.71 10.86 + 0.89 7.96 + 4.47 5.41 + 1.45 10.85 +0.91 

60 MLS 384.05 +156.7 15.31 + 4.52 1.48 + 0.14 0.82  + 0.66 7.29 +1.50 

5 LDH 564.89 +29.81 12.57 +0.31 25.84 + 3.81 15.12 + 2.33 12.57 + 0.32 

15 LDH 567.61 +27.64 11.68 +0.42 14.41 + 2.56 9.42  + 3.14 11.59 + 0.39 

30 LDH 494.95 +10.26 10.66 + 0.17 11.56 + 1.69 5.68  + 1.34 10.66 + 0.18 

60 LDH 449.12 + 71.10 5.9 + 0.94 1.70 + 0.09 0.87  + 0.02 5.90 + 0.95 
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Comparison of Modulus at various loadings of LDH and MLS
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Figure 4.43: Effect of  MLS/ LDH on Young’s modulus. 
 

 The modulus of PE/LDH nanocomposites increases with the addition of 5 

weight percent clay. With further increase in the clay concentration, there is a decrease in 

the modulus. Whereas, in the case of PE/ MLS nanocomposites, there is a steady increase 

in the modulus value till 30 % and then a sharp decrease is observed with the addition of 

60 % clay.(Figure 4.44) 
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Comparison of Peak Stress at differnt loadings of LDH and MLS
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Figure 4.44: Effect of MLS/ LDH on peak stress. 
 

                 In the case of PE/ LDH nanocomposites, there is a gradual decrease in the peak 

stress values with an increase in the LDH concentration. In the PE/ MLS nanocomposites 

there is a gradual decrease in the peak stress till 30 weight percent concentration, but at 

60 weight percent, there is a sudden increase in the peak stress.(Figure 4.45) 
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Comparison of Strain at break at various loadings of LDH and MLS
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Figure 4.45:  Effect of MLS/ LDH on strain at break. 
 

              In the PE/ LDH nanocomposites, there is a decrease in the strain at break values 

with an increase in the percentage of LDH. A steep decrease at 5LDH loading is observed 

and not a significant change thereafter. In the case of PE/ MLS nanocomposites, there is a 

gradual decrease of strain at break values and not a significant difference is observed at 

30 and 60 weight percent clay loading. 
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Comparison of Yield Stress at various loadings of LDH and MLS

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60 70

Nanoparticles in PE, Weight %

Y
ie

ld
 S

tr
es

s,
 N

/m
2

MLS + PE
LDH + PE

 

Figure 4.46: Effect of MLS/ LDH on yield stress. 
 

             PE and LDH/MLS nanocomposites exhibit similar behavior on effect of clay 

loading on yield stress. There is a gradual decrease in the yield stress with the increase in 

percentage of clay.(Figure 4.47) 
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4.8 Microhardness 

Table 4.23 Vickers microhardness for PE+MLS nanocomposites. 

 
Material                 VHN 

Pure PE                6.077 + 0.52 

5MLS               6.370 + 0.82 

15MLS             8.183 + 1.58 

30MLS             6.790 + 0.38 

                                                 60MLS              7.244 + 0 

        

Table 4.24 Vickers microhardness for PE+ LDH nanocomposites. 
 
                                             Material                  VHN 

                                          Pure PE                   6.077 + 0.52 

                                         5LDH                     6.342 + 0.53       

                                         15LDH                   6.498 + 0.56 

                                         30LDH                   8.720 + 2.56 

                                         60LDH                   6.480 + 0.69 

 

Microhardness was tested on Vicker’s microhardness tester, the hardness values 

in the case of both MLS and LDH nanocomposites do not show any significant increase 

or decrease as shown in Table 4.23 and 4.24. It can be observed from Table 4.23 that the 

hardness values in the case of MLS nanocomposites; increase in hardness value is noticed 
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in 15MLS nanocomposites. In the case of LDH nanocomposites, 30LDH samples show 

the highest hardness as compared to other concentrations. It has also been observed that 

as the modulus increases (from tensile testing), the hardness decreases. 
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CHAPTER 5  

                                                             SUMMARY 

 
PE and MLS nanocomposites and PE and LDH nanocomposites were developed. 

The dispersion, thermal, flame retardance and mechanical properties were studied and 

compared.  

The dispersion of the nanocomposites was studied by optical microscopy, 

Scanning electron microscopy and x-ray diffraction techniques. Thermal properties are 

studied by thermogravimetric analysis and differential scanning calorimetry. Flame 

retardance is studied by HVUL-94 technique. Mechanical behavior of the material is also 

studied by tensile testing and Vickers microhardness testing. The char structure is 

analyzed using scanning electron microscopy. 

 Dispersion  

The dispersion of MLS in PE matrix is non-uniform and formation of 

agglomerates is observed. The agglomerate size has been found to increase with the 

increase in concentration of MLS. 

 In the case of LDH, larger agglomerates (as compared to PE and MLS 

nanocomposites) in all concentrations are formed.  

Thermal Properties 

TGA results indicate a decrease in weight loss percentage with the increase in 

MLS concentration. The thermal stability of the PE and MLS nanocomposites increases 

with increasing MLS concentration. Shifts in endothermic peak in DSC results indicate 
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the effect of MLS on the PE matrix. MLS imparts crystallinity to the PE matrix. 15 MLS 

is found to be the threshold.  

TGA results indicate increase in thermal stability with increase in LDH 

concentration. It has been observed that the weight loss percentage is more in the case of 

MLS than compared to LDH. DSC results indicate nucleation with the shifting of the 

curve towards higher temperatures an increase in the start of crystallization.  

Flame retardance:  

There is a decrease in the linear burn rate with the increase in MLS concentration, 

in the PE/ MLS nanocomposites. As the MLS concentration increases, a denser char is 

obtained. This supports the barrier formation mechanism of flame retardance. 

 PE and LDH nanocomposites show a steady decrease in the linear burn rate with 

the increase in LDH concentration. The PE and LDH nanocomposites do not show any 

discoloration as compared to PE and MLS nanocomposites.           

Mechanical properties: 

 It has been observed that with an increase in MLS concentration in the PE and 

MLS nanocomposites, the stiffness was improved.  15 MLS shows the best properties 

when compared to different concentrations of MLS in PE matrix showing optimum 

stiffness and good flame retardancy.  

         Mechanical properties indicate that the increase in LDH concentration improves 

stiffness. 60 LDH shows the best flame retarding properties and high stiffness.   
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