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                                                  Abstract 
_____________________________ 
      
      

     In order to make much stiffer, light weight and high performance material 

products, polymer nanocomposites play an emerging role in the material 

innovation. Unlike other thermoplastics, polymer nanocomposites are fabricated 

by introducing a small amount of solid nano-scale fillers (normally less than 5 

wt%) such as nanoclay, carbon nanotubes or nanofibres into a plastic resin to 

dramatically enhance its stiffness, strength and thermal properties. The difference 

between nanocomposites and conventional fibre composites is that the added 

fillers are extremely small, only one-millionth of a millimetre thick, and provide a 

much larger interface area per unit volume for greatly improving the interfacial 

bonding effect between nanofillers and the polymer matrix.  

     More importantly, polypropylene (PP)/clay nanocomposites have quite a high 

potential to form such innovative materials and replace the conventional plastics 

in many automotive and packaging applications. Nevertheless, the growth of 

PP/clay nanocomposites faces an obstacle of hydrophobic polymer’s low 

interactions with hydrophilic clay. Maleic anhydride (MA) grafted PP (MAPP), 

commonly used as a compatibiliser, has been proven to facilitate a good clay 

dispersion within the PP matrix through its functionalised MA groups. But despite 

the great attention from the manufacturers and researchers in recent years,
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commercial PP/clay nanocomposites with reliable material properties are still 

limited in availability. The major problem stems from the complex influences of 

the material selection and processing methods. 

     The present work developed a comprehensive approach from the material 

formulation and processing, experimental characterisation to the numerical 

modelling of PP/clay nanocomposites based on the finite element analysis (FEA) 

of micro/nanostructures. Initially, effects of the material selection including the 

clay type and content, MAPP content and PP matrix viscosity were investigated 

for the mechanical property enhancement of PP/clay nanocomposites. These 

nanocomposites were prepared using twin screw extrusion and injection 

moulding processes with a well-known Taguchi design of experiments (DoE) 

method in order to statistically detect the significant factors for influencing their 

mechanical properties. The preferred material formulations were then determined 

by Pareto analysis of variance (ANOVA) with the technical and economic 

considerations. The fundamental material characterisation was also conducted on 

those formulated nanocomposites using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), differential scanning 

calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA). Overall 

mechanical properties of neat PP and corresponding nanocomposites were 

determined by the general tensile, flexural and impact tests. Finally, 

computational models were established by implementing both the representative 

volume element (RVE) technique and innovative object-oriented finite element 

(OOF) analysis to predict the tensile moduli of PP/clay nanocomposites in 

comparison to the experimental data and available composites theoretical models.  
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_____________________________ 
Chapter 1                         

                                        Introduction 
_____________________________ 
 
"The process of scientific discovery is, in effect, a continual flight from wonder." 
                                                                      
                                                                                                                    Albert Einstein  
 
1.1 Background 

     Conventional fibre-reinforced composites are well-known for their superior 

stiffness, strength and light weight properties with relatively high market values 

compared to neat polymers. However, a high fibre content of 30-40 vol% is 

normally used in processing such composites, resulting in the lack of a good fibre 

distribution and the debonding or fracture issues at some thinning areas of the 

final manufacturing products. Accordingly, since the pioneering work of Toyota 

research group [1], polymer nanocomposites (PNC) have shed a light on the 

replacement of conventional fibre-reinforced composites by using a small 

proportion of nanofillers, composed of inorganic layered silicates or smectite clay. 

When well dispersed into neat polymers, those nanofillers can dramatically 

enhance their mechanical, thermal, barrier and flame retardant properties [1-7]. 

Natural clay silicates or smectite clay are made up of several hundred thin platelet 

layers stacked into orderly particles or tactoids in the size of 8-10 μm. Each of disk-

like clay platelets has a very large aspect ratio about 100-1000, and they are easily 

agglomerated due to the interlayer van der Waals forces. The enhanced
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reinforcement mainly benefits from the much greater surface to volume ratio of 

these high aspect ratio nanofillers since many important chemical and physical 

interactions are governed by surfaces (or interfaces) between fillers and the 

polymer matrix. Consequently, clay particles should be uniformly dispersed and 

exfoliated as individual platelets within the polymer matrix in order to achieve the 

excellent property enhancement. In addition, lower clay content (≤ 5wt%) has also 

been found essential for accomplishing the large contact surface areas and 

alleviating the clay agglomeration to obtain a better dispersion [6].  

     Nowadays, it is of great concern for the material selection from a vast range of 

polymers to be cheap, multifunctional and recyclable for manufacturing PNC. In a 

conventional way, polymer, as the major matrix for composite materials, can be 

characterised by long chains of repeated molecule units (i.e. “mer ”) to form the 

bulk of the plastics. From the industrial point of view, plastics can be classified as 

thermoplastics or thermosets. In thermoplastics, the polymer chains are weakly 

bonded by the Van der Waals forces and easily mobilised when sufficient thermal 

energy is released, which leads to the formable and recyclable characteristics of 

such plastics. On the other hand, adjacent polymer molecules form the crosslinks 

in thermosets to hinder any chain mobility, resulting in being non-shapeable after 

irreversible curing and being prone to the chemical degradation by excessive 

reheating [8]. As a result, the development of PNC primarily concentrates on 

thermoplastics as the polymer matrix with a view to their wide range of 

applications and environmental friendliness. As depicted in Fig. 1.1, 

thermoplastics predominantly demonstrate the increase of potential material 

usage up to five folds in manufacturing polymer/clay nanocomposites from 2005 
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to 2010. Furthermore, according to the figures by Business Communications Co., 

the global volume and value of PNC are going to grow more rapidly due to a huge 

demand in the commercial market between 2003 and 2008, Table 1. 1. 

 

 
 

 

 

 

 

 

 

Fig. 1.1 Trend of using nanocomposites from 2000 to 2010 (Data are adapted from 

Principia Partners (Exton, PA)) [9]. 

 

Table 1.1 Worldwide volume and value for polymer nanocomposites by type 

2003-2008 (in millions) [10]. 

*Symbol indicates AAGR% calculated on value. Source: Business Communications Co.  
(Norwalk, CT).   

  Polymer Nanocomposites Quantity 
Volume by Year 

                 (kg) 
Value by Year 

(US $) 

 
 

Material Type 
2003 2008 2003 2008 

Average Annual 
Growth Rate 
(AAGR %) 
2003-2008* 

Thermoplastics 5.7 27.7  70.7 178.9 20.4 

Thermosets 5.4 8.2 20.1 32.2 9.9 

Total 11.1 35.9 90.8 211.1 18.4 
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     In particular, material engineers and researchers have shown the most 

commercial interests to polypropylene (PP)/clay nanocomposites due to the 

enormous applications in automotive and packaging industries. PP, as a 

commonly used commodity polymer, has the material merits of light weight, low 

cost, good balance of chemical and physical properties and excellent processibility. 

However, it is quite challenging to effectively fabricate PP/clay nanocomposites 

since the incompatibility between the non-polar hydrophobic PP and hydrophilic 

clay can impede a good clay dispersion to facilitate the direct intercalated or 

exfoliated structure. Great efforts have been made using functional polyolefin 

oligmers as compatibilisers, modified with either maleic anhydride (MA) or 

hydroxyl (OH) groups. Such modifiers include a certain amount of polar groups 

(i.e. –OH, –COOH) to create a strong hydrogen bonding or other chemical 

bonding to the oxygen groups of silicates, which helps to enhance the interactions 

between clay particles and the PP matrix [11]. More evidently, the presence of 

MAPP has been reported to easily break up clay agglomerates and facilitate the 

homogeneous dispersion of clay particles, resulting in the enhancement of 

mechanical properties [12-15]. 

 

1.2 Research Objective 

     With an industrial motivation to commercialise PP/clay nanocomposite 

products, plenty of research work has been conducted to mainly investigate the 

nanocomposite fabrication and material characterisation using conventional 

plastic moulding processes such as twin screw extrusion and injection or 

compression moulding. Due  to the  complex  morphological structures of PP/clay  
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Fig. 1.2 Outline of research approach in this study. 
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nanocomposites, comprising partially intercalated/exfoliated clay platelets and 

tactoids, the effect of nanofillers with respect to the actual morphology through 

numerical modelling has been rarely addressed. However, their influence on the 

macroscopic properties of nanocomposites is very vital. The primary aim of this 

research work is to develop a unique systematic approach for determining the 

preferred formulations and manufacturing procedures using design of 

experiments (DoE), characterising the nanocomposite materials and developing 

numerical  simulations based on both representative volume element (RVE) and 

object-oriented finite element (OOF) models in comparison to the conventional 

composite theories so that the relationship of tailored processing-microstructure-

mechanical property of PP/clay nanocomposites can be well understood. The 

outline of current research approach is illustrated step by step in Fig. 1.2. 
 

1.3 Thesis Outline 

     In order to better understand the overview of this research work, a thesis 

outline is presented including the following chapters:  

• Chapter 1 contains the brief background of polymer/clay nanocomposites and 

research objective. 

• Chapter 2 reviews the previous literatures on the use of different nanofillers, clay 

silicate structure as well as morphological structures, material processing 

methods, theoretical and numerical modelling work and extensive applications of 

polymer/clay nanocomposites. In addition, the earlier research work for PP/clay 

nanocomposites is also specifically described. 
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• Chapter 3 elaborates on the material selection and experimental techniques 

employed in fabrication and material characterisation of PP/clay nanocomposites. 

• Chapter 4 introduces Taguchi Design of Experiments (DoE) to detect the 

significant factors on the mechanical property enhancement of PP/clay 

nanocomposites and determine the preferred formulations of nanocomposites 

using Pareto analysis of variance (ANOVA). 

• Chapter 5 presents experimental characterisation results on the clay dispersion, 

morphological and crystalline structures of PP/clay nanocomposites using X-ray 

diffraction (XRD), scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM), and their mechanical and thermal properties by mechanical 

testing, differential scanning calorimetry (DSC) and dynamic mechanical thermal 

analysis (DMTA).  

• Chapter 6 is devoted to understanding the reinforcement efficiency of PP/clay 

nanocomposites due to the clay content and aspect ratio, interphase properties and 

clay dispersion patterns using representative volume element (RVE) modelling 

with a commercial finite element package ANSYS®.   

• Chapter 7 focuses on an innovative object-oriented finite element (OOF) analysis 

to predict the mechanical properties and deformation mechanisms of PP/clay 

nanocomposites at different clay contents based upon the acquired real 

morphological structures, in comparison to the experimental data and composites 

theoretical models. 

• Chapter 8 summarises the obtained overall research results and concludes the 

main findings in this study. 

• Chapter 9 recommends the future research plan as the extension of this work. 
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_____________________________ 
Chapter 2  

                            Literature Review 
_____________________________ 
 
“I never did anything worth doing by accident, nor did any of my inventions come by 

accident; they came by work.” 

 
                                                                                        Thomas Alva Edison 
 
2.1 Types of Nanofillers 

     Nanocomposites are defined as constituents in which nanofillers with at least 

one dimension smaller than 100 nm are well dispersed into the polymer matrix. 

“Nano” originates from a Greek word meaning midget [9], namely a very tiny 

object. Three different types of nanofillers in geometry are demonstrated in Fig. 2.1 

with 1-D platelet-like, 2-D fibre-like and 3-D sphere-like structures. In general, 

montmorillonite (MMT) silicates or smectite clay belong to the first type with the 

lateral dimension in the range of several hundred nanometers to microns while the 

thickness is within a few nanometers. Such platelet-like structure leads to a large 

particle aspect ratio between 100-1000 with the superior biaxial reinforcement 

effect. On the other hand, when nanofillers have two dimensions at a nanoscale 

level and the third one is much larger in the size of microns, a unidirectional 

continuous fibre-like reinforcement takes place. Single-wall or multi-wall

 carbon nanotubes and nanofibres are good representatives of the second type 

with a greatly elongated structure. Finally, the third type of nanofillers such as 

nanoporous silica possesses all three dimensions at the nanoscale level. 
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Fig. 2.1 Different types of nanofillers in geometry [16]. 

 

     Global manufacturing and development of nanofillers are demonstrated in 

Table 2.1. In particular, clay silicates (e.g. nanoclay) and carbon nanotubes are two 

most popular nanofillers under the wide investigation and commercialisation. 

Nanotubes show the superior electrical and thermal conductive properties to 

fabricate the multifunctional PNC, but are confronted with the limited usage 

owing   to  a   much   higher  reported  market  value  at  US $100/g   or   $50/lb  in  

Platelets 
(MMT Silicates) 

Fibres/Tubes 
(Single-wall and Multi-wall 

Carbon Nanotubes) 

Sphere 
(Nanoporous Silica) 

~um 

~um 

~1nm 
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Table 2.1 Worldwide commercially available nanofillers [9] 
 

Company Activity 

Altair Nanomaterials (Cody, WY) Oxides 
Argonide (Sanford, FL) Metals 
Cabot Corp. (Boston) Oxides 

Carbon Nanotechnologies (Houston) Nanotubes 
Carbolex (Lexington, KY) Nanotubes 

Degussa (Dusseldorf, Germany) Oxides 
Espin Technologies (Chattanooga,TN) Nanofibres 

Frontier Carbon (Tokyo) Fullerenes 
Hyperion Catalysis (Cambridge, MA) Nanotubes 

Nano-C (Westwood, MA) Fullerenes 
Nanogate (Saabrudeen, Germany) Oxides 
Nanocor (Arlington Heights, IL) Nanoclay 

Nanomaterials Research (Longmont, CO) Oxides 
Nanoproducts (Longmont, CO) Oxides 

Nanophase Technologies (Romeoville, IL) Oxides 
Nanopowder Enterprises (Piscataway, NJ) Oxides 
Nanopowder Industries (Caesarea, Israel) Metals 

Nanoscale Materials (Manhattan, KS) Oxides 
Nanotechnologies (Austin, TX) Oxides, Metals 

Nyacol Nano Technologies (Ashland, MA) Oxides 
Oxonica (Begbroke, U.K.) Oxides 

QinetiQ Nanomaterials (Farnborough, U.K.) Oxides 
Shin-Etsu (Tokyo) Oxides 

Southern Clay (Gonzales, TX) Nanoclay 
Sud-Chemie (Munich) Nanoclay 

Tosoh (Tokyo) Oxides 

 
 

masterbatch [17]. In addition, the health hazards related to handling nanotubes are 

still uncertain though the laboratory-scaled techniques are available to prepare 

polymer/nanotube composites. Hence, much greater attention has been drawn to 

clay silicates since they are more cost-effective and eco-friendly with a reasonable 

price of US $ 2.25-3.25/lb [17], and have broad utility in reinforcing common 

thermoplastics like polypropylene (PP), polyethylene (PE), polystyrene (PS), 

polyethylene terephthalate (PET) and nylon. More remarkably, the addition of 

clay silicates helps to considerably enhance their mechanical, thermal, barrier and 

heat retardant properties. The most applicable polymers reinforced by clay 

silicates to fabricate corresponding nanocomposites are listed in Table 2.2. 
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Polyolefins are particularly well-known for their wide range of applications in 

automotive and packaging industries, especially PP and PE as the generally used 

commodity polymers.  

Table 2.2 Types of applied polymers to fabricate nanocomposites [18]. 

 
 

2.2 Montmorillonite (MMT)  

     Montmorillonite (MMT) is one of the most commonly used smectite clay. It has 

2:1 layered structure with the stacks of platelet sheets, as shown in Fig. 2.2. Each 

platelet sheet consists of an alumina or magnesia octahedron sheet sandwiched 

between two silica tetrahedron sheets. The van der Waals forces lead to the 

formation of stacks of layered structure with one layered crystal about 1 nm in 

thickness. The moderate negative charge normally occurs on the surface of 

interplatelets, and can vary from layer to layer due to its localised and discrete 

characteristics. This negative charge is balanced by the counter hydrated alkali 

metal and alkali earth cations residing between the layers (gallery) [16]. 

Type of Polymers Specific Formulated Polymers 

Vinyl Polymers Methyl Methacrylate (MMA), MMA Copolymers, Acrylic Acid, 
Acrylonitrile, Styrene (S), 4-Vinylpyridine, Acrylamide, Ethyl 
Vinyl Alcohol Copolymer, etc. 

Condensation  

(Step) Polymers 

Nylon6, Polyamides (PA), Poly(ethylene terephthalate), 
Polycarbonate (PC), Epoxidized Natural Rubber, Epoxy Polymer 
Resins (EPR), Poly(amic acid), Polyetherimide, etc. 

Polyolefins 

 

 

Polypropylene (PP), Polyethylene (PE), Polyethylene Oligomers, 
Poly (ethylene-co-vinyl acetate), Ethylene Propylene Diene 
Methylene Linkage Rubber (EPDM), etc. 

Specialty Polymers 

 

Polypyrrole (PPY), Poly(N-vinylcarbazole) (PNVC), Polyaniline 
(PANI), etc. 

Biodegradable Polymers 

 

Polylactide (PLA), Poly(butylene succinate) (PBS), PCL, 
Unsaturated Polyester, Polyhydroxy Butyrate, Aliphatic Polyester 
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Fig. 2.2  2:1 layered silicate structure [19]. 

     

     Since montmorillonite is a hydrophilic and inorganic material in nature, a 

cation exchange reaction is used to replace the interlayer cations with organic 

cations such as alkyle ammonium or phosphonium cations in order to lower the 

silicate surface energy [2, 20].  Due to the inserted large molecules of organic 

cations, the clay gallery is further expanded by weakening the van der Waals 

forces. This results in the modified clay silicates to be more compatible with the 

organic polymer matrix.   

     Cation exchange reaction has been employed by two major US clay material 

suppliers Nanocor (Arlington Heights, IL) and Southern Clay Products Ltd 

(Gonzales, TX) to produce organomodified MMT with the material grades of 

Nanomer® and Cloisite®, respectively [9]. Recently, more cost-competitive 

Silica Tetrahedron 
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 Alumina or Magnesia 
Octahedron Sheet 
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Interlayer or Gallery  
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NANOLINTM organoclay, manufactured by Zhenjiang FengHong Chemical Co., 

Ltd, China, also emerges in the market, which is originally used for nanoparticle 

coating technology.  

 

2.3 Structures of Polymer/Clay Nanocomposites  

     Depending on the interactions and structures of constituents, polymer/clay 

nanocomposites can be classified as (i) phase separated or immiscible; (ii) 

intercalated; (iii) ordered exfoliated and (iv) disordered exfoliated, exhibited in 

Fig. 2.3. When the polymer molecular chains are unable to intercalate clay 

platelets, indicated by no increase of interlayer spacing, immiscible composites are 

formed with the marginal property enhancement, known as “microcomposites”. 

Beyond this kind of classical composites, intercalated structure is obtained 

through the penetration of polymer molecular  chains  into the  clay  interlayers, as  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.3 Nanocomposite structures based on the interaction of layered silicates and 

polymers [21]. 
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the result of a well-ordered multi-layer sandwich structure, built up with 

repeatable polymeric and inorganic layers. Hence, the interlayer expansion 

inevitably results in increasing the interlayer spacing. In the exfoliated 

nanocomposites, the individual clay platelets are peeled apart, completely and 

homogeneously dispersed in the continuous polymer matrix, so-called 

“delamination”. Either ordered or disordered exfoliated structure relies on the 

different clay platelet orientation states, arising from the secondary manufacturing 

processes (e.g. injection/compression moulding) after melt compounding of 

nanocomposites. For instance, exfoliated clay platelets in the skin region of 

injection moulded specimens of nylon 6/clay nanocomposites reveal a higher 

degree of alignment along the mould flow direction as opposed to the random 

orientation in the core area [22]. In the real morphology of polymer/clay 

nanocomposites, partially intercalated and exfoliated structure is practically 

available due to the limitation of conventional compounding methods and the 

difficult thermodynamic interactions in dispersing clay particles, which is mostly 

the case for PP/clay nanocomposites. 

 

2.4 Processing Methods  

2.4.1 In-Situ Polymerisation 

     In-situ polymerisation was first systematically introduced by Toyota research 

group to develop nylon 6/clay nanocomposites in the early 1980’s [23, 24]. 

Monomer is first mixed with the layered silicates prior to the polymerisation. The 

monomer has lower viscosity than the polymer to facilitate breaking up silicate 

clusters using a high shear device and achieve more uniform particle mixing with 
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the monomer. As a result, high monomer diffusion takes place in the interlayer 

area, and the morphology of nanocomposites is easily controlled by the reaction 

conditions and surface modification. In-situ polymerisation can be employed to 

prepare polymer/clay nanocomposites in both thermoset system like epoxy [25], 

polyurethane [26, 27] and thermoplastic system such as polyethylene terephthalate 

(PET) [28], polyethylene (PE) [29, 30] and poly(methyl methacrylate) (PMMA) [31]. 

Nevertheless, its drawback lies in the complex reaction conditions in the presence 

of additives and the inconvenience of capacity due to the great demand for large 

material supplies in industrial manufacturing. 

 

2.4.2 Solution Casting 

     In the solution casting, solvents are used to disperse the layered clay silicates 

and dissolve the polymers. Adequate solvents help to delaminate the stack of 

layers caused by the weak van der Waals forces. Polymer chains then can be 

absorbed onto the delaminated layers. Upon the removal of the solvents, the 

silicate layers are reassembled to form the well-ordered intercalated 

nanocomposites. The disadvantages of solution casting include the difficult 

preparation of exfoliated nanocomposites and the higher cost of the solvents that 

are limited in application and not environmentally friendly. Nevertheless, it is still 

a very effective chemical method to prepare soluble polymer/clay nanocomposites 

due to the polar and hydrophilic characteristics of such polymers to actively 

interact with clay silicate surfaces without any cation exchange reaction. For 

example, poly(ethylene oxide) (PEO) [32-36], polyvinyl-alcohol (PVA) [33, 37] 

/clay nanocomposites are normally fabricated using this method. 
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2.4.3 Melt Compounding 

     Melt compounding directly uses organically modified silicates to be well mixed 

with the melted polymers under the high shearing mechanism by employing 

either a high shear mixer [11, 12] or a twin screw extruder [12-15], Fig. 2.4. This 

process can eliminate the solvents as the medium and accommodate the 

conventional polymer blending methods such as extrusion and injection moulding 

processes at an effective cost. A very broad range of polymer based 

nanocomposites are successfully fabricated with clay silicates including nylon 6 

[38-40], PP [11-15], PE [41, 42] and PET [43].   

  
 

 

 

 

 

(a)                                                                          (b) 
 
Fig. 2.4 Melt compounding facilities for preparing polymer/clay nanocomposites: 

(a) high shear mixer and (b) twin screw extruder. 

 

     In terms of the processing techniques, high shear mixer depends on a pair of 

non-intermeshing and counter-rotating blades to homogenise the blended 

materials at various speeds in order to provide excellent compounding and mixing 

effects. However, it mainly deals with a small amount of compounded materials at 

laboratory-scaled level, subjected to a high shear intensity which could possibly 

degrade the melted polymers. 

Mixing 
Blades 
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     Twin screw extruder, on the other hand, generates a more sophisticated 

blending process on a mass-scaled production where both polymer and clay are 

pre-mixed and fed simultaneously or clay is downstream fed into fully melted 

polymer. The mixture of polymer and clay undergoes a well-controlled heating 

system and imposed shear forces, resulting from applied screw torques. The 

mixture also travels through assembled screw elements and kneading blocks in a 

specific designed screw configuration to extend the residence time and promote 

the degree of intercalation/exfoliation levels in the produced nanocomposites, Fig. 

2.5. 

 

 

Fig. 2.5 General processing line of twin screw extrusion [44]. 

 
     The dispersion mechanism of melt compounding shown in Fig. 2.6 consists of 

three stages including (i) clay particle breakup into tactoids; (ii) clay tactoids 

breakup into smaller clay platelets; (iii) diffusion of polymer chains into clay 

platelets to form the intercalation and final delamination of individual platelets, 

leading to the exfoliation. All three stages are subjected to the shearing mechanism 

of platelet stacks to break the weak interactions due to the van der Waals forces in 

the clay interlayers. In the melt compounding, exfoliation can be promoted by the 
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desirable processing conditions and material selection. However, complete 

exfoliation might be difficult to achieve, especially in polyolefin/clay 

nanocomposites, due to the compatibility issue between clay and non-polar 

hydrophobic polymers. As a result, incomplete exfoliation/intercalation structures 

exist in the real morphology of nanocomposites with possible dominant 

intercalation in polyolefin/clay nanocomposites and a higher level of exfoliation in 

hydrophilic polymer/clay nanocomposites. 

 

 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.6 Dispersion mechanism for melt compounding of polymer/clay 

nanocomposites [38]. 
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2.5 Modelling of Polymer/Clay Nanocomposites  
     The material properties of well aligned short-fibre composites have been 

successfully predicted by the conventional micromechanical models [45] in simple 

closed-form analytical solutions. These models can handle the factorial effects of 

filler geometry, content and orientation and the property ratio of filler and matrix 

on the reinforcement and mechanical properties of composites. Moreover, the 

simplified geometry for each constituent and the assumption of perfect bonding 

interfaces, though not accurate, have been widely admitted by the material 

manufacturers and engineers to predict the composite stiffness. Micromechanical 

models are extremely useful since they provide the ability to rapidly assess the 

aforementioned key factors for controlling the elastic behaviour and explore very 

large design spaces. Despite the successful fabrication and processing, mechanics 

of nanocomposites is not yet well understood due to the huge scale difference 

between nanofillers and the polymer matrix continuum. Attempts have been made 

with limited success to use some of the available micromechanical models such as 

Halpin-Tsai model, Mori-Tanaka model and the rule of mixture to estimate the 

elastic modulus [22, 46-48], thermo-mechanical properties [22] and the 

reinforcement efficiency of polymer/clay nanocomposites based on individual 

factors of fillers like aspect ratio, level of exfoliation and clustering [48].   

     As far as the numerical modelling approach is concerned, a polymer/clay 

nanocomposite system contains the nano-size exfoliated/intercalated clay platelets 

and the micro-size clay tactoids, which coincides with a nano/micro-mechanical 

modelling strategy, coupled between molecular dynamic (MD) simulation, 

mesoscale  modelling  and  finite  element  analysis,  demonstrated  in   Fig. 2.7.  In   
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Fig. 2.7 Characteristic time and distance in multi-scale modelling scheme [49]. 

 

principle, MD simulation considers the model development of thermodynamics 

and kinetics of formation based on the discrete atom or molecule as the 

fundamental unit. For instance, the molecular interactions in clay interlayers of 

polymer/clay nanocomposites can be simulated using this approach at atomistic 

level. From the engineering point of view, however, macroscopic properties (e.g. 

elastic modulus/stiffness) are more crucial in the design, manufacturing and 

usage of nanocomposites, which are usually explained by ignoring the discrete 

atomic or molecular structure and assuming the continuum materials with an 

average density, subjected to the body forces (e.g. gravity and surface forces) [50]. 

Therefore, apart from the available micromechanical models, finite element 

analysis (FEA), as the other popular continuum method, has also been used in 

nanocomposites [50]. As a simplified numerical approach, representative volume 

element (RVE) used in FEA is constructed to statistically represent the local 

Coupled Nano/Micro-
Mechanical Modelling 
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continuum properties due to the complicated disordered heterogeneous system of 

nanocomposites. As long as the length scale is consistent with the smallest 

constituent, namely the mesoscale clay particles in nanocomposites, the RVE can 

be constructed in the repeatable or periodic scale-up scheme from mesoscale 

modelling to FEA at macroscale level. On the other hand, object-oriented finite 

element (OOF) analysis can compensate for such lack of detailed morphology of 

nanocomposites in RVE, which depends on mapping real micrographic images, 

previously employed in characterising the structure-property relationship of 

available composite materials.  

     Since the mechanical properties of nanocomposites are of great interest to this 

study, the employment of continuum methods, especially micromechanical 

models using FEA will be highlighted with only a brief discussion about MD 

simulation in the following subsections.   

 

2.5.1 Conventional Composites Theoretical Models  

2.5.1.1 Basic Concepts  

     The mechanics of polymer composites in micromechanical models usually 

follows the fundamental assumptions including (i) linear elastic material 

behaviour of fillers and the polymer matrix; (ii) axisymmetric fillers in identical 

shape and size, characterised by material parameters such as aspect ratio and 

shape parameter and (iii) well-bonded filler-polymer interfacial area with neglect 

of interfacial slip and filler-polymer debonding or matrix cracking. 

     For the first concept of linear elasticity, the linear relationship between the total 

stress and infinitesimal strain tensors for filler and matrix can be expressed as 
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                              For filler:       fff C εσ =                                                        (2.1) 

                             
                              For matrix:    mmm C εσ =                                                        (2.2) 

where C is the stiffness tensor and superscripts f and m represent filler and matrix, 

respectively. 

     The second concept is about the average stresses and strains of filler and matrix. 

The pointwise stress field σ(x) and corresponding strain field ε(x) are usually non-

uniform in polymer composites. Accordingly, the volume-average stress σ   and 

strain ε  are then defined over the representative averaging volume V, respectively 

                                    ∫=
V

dVx
V

)(1 σσ                                                             (2.3) 

 

                                   ∫=
V

dVx
V

)(1 εε                                                             (2.4) 

     Thus, the average filler and matrix stresses are the averages over the 

corresponding volume Vf and Vm, respectively, and are shown as  

                                    ∫=
fV

f

f dVx
V

)(1 σσ                                                       (2.5) 

 

                                   ∫=
mV

m

m dVx
V

)(1 σσ                                                       (2.6) 

     In addition, the average strains for filler and matrix are defined as  

                                   ∫=
fV

f

f dVx
V

)(1 εε                                                          (2.7) 

 

                                   ∫=
mV

m

m dVx
V

)(1 εε                                                          (2.8) 

     Based on the above definitions, the relationships between the filler and matrix 

averages and the overall averages can be derived as follows 
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                                   mmff σφσφσ +=                                                                  (2.9) 

 
                                   mmff εφεφε +=                                                                    (2.10) 

where fφ and mφ are the volume fractions of filler and matrix, respectively.     

     The average properties of composites, as the third concept, are the main goal of 

established micromechanical models. The average stiffness of the composite is the 

tensor C that maps the uniform strain to the average stress 

                                           εσ C=                                                                         (2.11) 

       The average compliance S is defined in the same way  

                                           σε S=                                                                         (2.12) 

     Another important concept is the strain and stress concentration tensors A and 

B, known as the ratios between the average filler strain (or stress) and the 

corresponding average of the composites, which are given by 

                                          εε Af =                                                                          (2.13) 

 
                                         σσ Bf =                                                                        (2.14) 

     The average composite stiffness in terms of the filler and matrix properties, the 

filler volume fraction and concentration tensors can be then obtained from 

                                 ACCCC mf
f

m )( −+= φ                                                           (2.15) 

                              
                                 BSSSS mf

f
m )( −+= φ                                                             (2.16) 

 

2.5.1.2 Halpin-Tsai Model 

     Halpin-Tsai model [51] is a well-known composite theory in the fibre 

composites industry to predict the tensile modulus of unidirectional composites as 
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the function of filler aspect ratio. It can deal with a variety of reinforcement 

geometries including discontinuous filler reinforcements such as fibre-like or 

flake-like fillers. The longitudinal and transverse moduli E11 and E22 of a composite 

material in Halpin-Tsai model are generally proposed as  

                                         
f

f

m

c

E
E

ηφ
ζηφ
−

+
=

1
1

                                                                 (2.17) 

 

                                         
ζ

η
+

−
=

m

f

m

f

E
E
E
E

1
                                                                  (2.18) 

where Ec, Ef, Em are Young’s moduli of composites, fillers and the polymer matrix, 

respectively; ζ is a shape parameter dependent on the filler geometry and loading 

direction. ζ=2(L/d0) for fibres or 2(L/t) for disk-like platelets when calculating the 

longitudinal elastic modulus E11, whereas, as an approximation, ζ=2 for transverse 

elastic modulus E22 due to its relative insensitivity to fibre aspect ratio. L, d0, t, are 

the length, diameter and thickness of dispersed fillers, respectively. 

     It is worth noting that 2-D disk-like clay platelets can make less contribution to 

the unidirectional reinforcement compared to 1-D fibre-like fillers. Thus, a 

modulus reduction factor (MRF) for platelet fillers is introduced in the modified 

Halpin-Tsai model as follows 

                                         
f

f

m

c MRF
E
E

ηφ
ηφζ

−
+

=
1

)(1
                                                   (2.19) 

 

where modified Halpin-Tsai model with MRF=0.66 [52] has demonstrated very 

good prediction for the tensile modulus of rubber/clay nanocomposites over a 

wide range of clay volume fractions. 
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2.5.1.3 Voigt Upper Bound and Reuss Lower Bound 

     When ∞→ζ , the Halpin-Tsai model equations reach the upper bound, which is 

normally called Voigt rule of mixtures (ROM) [53] where fibre and matrix have the 

same uniform strain (i.e. isostrain approach): 

                                           mfffc EEE )1( φφ −+=                                                       (2.20) 

     Conversely, when 0→ζ , the Halpin-Tsai model equations converge the lower 

bound under the equal stress (i.e. isostress approach), namely Reuss inverse rule 

of mixtures (IROM) [54]: 

                                         
m

f

f

f

c EEE
)1(1 φφ −

+=                                                   (2.21)  

     Both Voigt and Reuss models provide initial estimates of the upper and lower 

bounds of the elasticity of multi-phase composites with the only consideration of 

filler volume fraction but irrespective of filler shape/geometry, orientation and 

spatial arrangement. 

 

2.5.1.4 Modified Rule of Mixture (MROM) 

     Conventionally, the composite modulus Ec can also be estimated by using a 

modified rule of mixture (MROM) [55] with flake-like fillers shown as 

                                    mfffc EMRFEE )1()( φφ −+=                                                 (2.22) 
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where α  is the inverse aspect ratio of dispersed fillers, and G is the shear modulus 

of the polymer matrix. 

 

2.5.1.5 Mori-Tanaka Model 

     Mori-Tanaka model [56, 57] is derived to predict the elastic modulus of an 

isotropic matrix filled with aligned spheroidal fillers. It is primarily based on the 

principle of Eshelby’s inclusion model for predicting the elastic stress field in and 

around an ellipsoidal particle within an infinite matrix [58], along with the 

consideration of a non-dilute composite system. The longitudinal and transverse 

elastic moduli E11 and E22 show better predictive capabilities for fillers with 

relatively high aspect ratios, which are then determined to be  
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Major Axis/Plane Mori-Tanaka Composite Modulus Direction of 
Applied Load Fibres Platelets Fibres Platelets 

1   //11 EE =     ⊥= EE11  
2 Axis 1 ⊥= EE22  //22 EE =  
3  

Plane 2-3 
       ⊥= EE33       //33 EE =  

 
Fig. 2.8 Physical representations to calculate the composites stiffness with the 

inclusions of fibres and disk-like platelets in Mori-Tanaka equations [22]. 

Fibre Disk-like Platelet 
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where mν  is the Poisson’s ratio of the matrix, A0, A1,…..,A5 are matrix/filler 

properties and components of Eshelby tensor [58], depending on particle aspect 

ratio (L/t) and dimensionless elastic constants of the matrix. Therefore, the elastic 

modulus of composites Ec can be expressed in Equation (2.26) when the platelet 

fillers undergo the loading along axis 2 lateral direction, Fig. 2.8. //E and ⊥E are the 

composite moduli parallel (longitudinal) and perpendicular (transverse) to the 

major axis of fillers. E33 is the elastic modulus along axis 3 loading direction. 

 

2.5.1.6 Hui-Shia Model 

     Hui-Shia model [55] is developed to predict the tensile modulus of composites 

including unidirectional aligned platelets with the simple assumption of perfect 

interfacial bonding between the polymer matrix and platelets, which is given by  
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Transverse elastic modulus  (E22)    
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where Lt /=α  for disk-like platelets ( 1.0≤α ). 
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2.5.1.7 Laminate Model 

     It is also well understood that clay platelets in nanocomposites inevitably 

contain some degree of misalignment and random orientation while in theoretical 

modelling, unidirectional aligned fillers are normally assumed for simplicity. The 

filler orientation, to a certain extent, diminishes the composite moduli, which 

might not be as severe as that of fibres due to the disk-like platelet geometry, 

resulting in the biaxial reinforcement. In the case of completely random 

orientation in all three orthogonal directions, the approximation equations for 

fibre and platelet reinforced composites moduli Eran-3D based on the laminate 

theory [59, 60] are derived as  

                                     ⊥− += EEE fibres
Dran 816.0184.0 //3                                                   (2.31) 

 
                                      ⊥− += EEE platelets

Dran 51.049.0 //3                                                     (2.32) 

     Laminate model provides the insight to predict the mechanical properties of 

nanocomposites with random-oriented clay platelets whose formation is much 

closer to the real morphological structures.  

 

2.5.1.8 Takayanagi Model  

     Takayanagi model is initially used to describe the viscoelastic properties of a 

variety of heterogeneous materials with two viscoelastic constituent phases based 

on simple mechanical models including elements connected partly in series and 

partly in parallel [61]. The recent work [62] has concentrated on the interface effect 

for tensile modulus of polymer nanocomposites. This system is composed of a 

three-phase modified Takayanagi model in which three phases are connected to 

one another in series and parallel, shown in Fig. 2.9. The three phases (dispersed 
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phase “D”, interface “I” and matrix “M”) in a composite unit cell are equivalently 

integrated into the separate geometric portions. λ, ϕ and α, β represent the 

dimensions in the transverse and longitudinal directions for dispersed phase and 

interface, respectively. The tensile modulus of polymer nanocomposites with 

random oriented plate-like dispersed phase can be then expressed as  
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Fig. 2.9 Three-phase Takayanagi model with parallel and series arrangement [62]. 
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where τ  is the thickness of interfacial region, and t is the thickness of plate-like 

dispersed phase. k represents the modulus ratio of interface neighbouring on the 

surface of a particle. It is assumed that the modulus of the interfacial region tends 

to have a linear decreasing gradient along the normal direction to the surface of 

dispersed phase. 

 

2.5.2 Molecular Dynamic (MD) Simulation 

     Molecular Dynamic (MD) simulation is a sophisticated computer modelling 

technique to predict the time evolution of a system including interacting particles 

such as atoms, molecules, granules, etc, and estimate the fundamental physical 

properties at a macroscopic level (e.g. pressure, elastic modulus and energy) by 

means of statistical mechanics [63, 64]. The basic procedure of MD simulation 

includes (i) initial conditions (e.g. initial positions and velocities of all particles in 

the system); (ii) the interaction potentials to represent the forces among all the 

particles; (iii) time evolution of the system by solving a set of classical Newtonian 

equations of motions for all particles [50].  

     In particular, polymer/clay nanocomposites system has been confronted with 

the experimental obstacle to the effects of molecular structure and dynamics in the 

clay interlayers or at the interfacial areas to control the intercalated/exfoliated 

morphology which is well-known to greatly influence the ultimate material 

properties. Hence, MD simulation provides a very advanced approach down to 

the nanoscale level to accurately predict their relevant molecular interactions [65-

67], interlayer spacing [49, 68, 69], binding energy [49, 68-70] and elastic properties 

[66]. Typical examples of MD simulation models of nanocomposites are depicted 
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in Fig. 2.10, which consider the molecular/atomic structures of both clay silicates 

and polymer matrices to predict the interlayer spacing and binding energies. 

  

      

 

 

 

 

 

                                                                   (a) 
 

 

 

 

 

 

                                                                      

                          

(b) 
 

Fig. 2.10 Typical MD simulation models of polymer/clay nanocomposites [65, 66]: 

(a) intercalated PEO/MMT nanocomposites and (b) silica/polyimide.  

      

     However, this approach solely concentrates on the local molecular/atomic 

interactions and hierarchical structures and behaviour, which might be 

constrained by scaling up the integrated lengths or huge time scales to globally 

characterise the structures of nanocomposites. 
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2.5.3 Representative Volume Element (RVE) Modelling  
 
     The use of MD simulation is very sophisticated to study the local interfacial 

load transfer mechanism, the interface properties and nanoscale failure modes of 

polymer/clay nanocomposites. On the other hand, continuum models based on 

micromechanics at the micro/macroscale levels provide a global analysis to 

characterise such nanocomposites in terms of macroscopic properties such as 

elastic modulus and Poisson’s ratio, etc. In fact, the clay dispersion leads to 

somehow very irregular and complex morphological structures with the mix of 

random-oriented and well-aligned nanoplatelets, depending on the different 

material processing. However, when the large computational time and memory 

are of great concern, a representative volume element (RVE) domain, so-called 

“unit cell”, can be carefully employed to capture the sufficient information on the 

simplified repeatable microstructures, and determine the corresponding effective 

macroscopic properties of a composite system. Generally speaking, the 

microstructures are statistically periodic in the direction of embedded particle 

alignment for simplicity. In addition, the periodic conditions in RVE are applied 

based on the assumption that the partial-length particles, intersecting one lateral 

RVE boundary, are completed by a remaining length at the same elevation, 

intersecting the opposite lateral boundary [47]. A typical periodic RVE model for 

polymer/clay nanocomposites is displayed in Fig. 2.11, subjected to a random 

Monte-Carlo algorithm which has been extensively applied in modelling the 

mechanical behaviour of short-fibre composites [71, 72], whisker- and platelet-

filled polymers [72, 73] and more recently nanocomposites [47, 72, 74]. In addition, 

the effects of clay platelet aspect ratio, distribution patterns, clay content as well as 
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the constituent properties on the stiffness of polymer/clay nanocomposites could 

also be well described using RVE models to understand the 

intercalated/exfoliated structure-property relationship [75, 76]. 

 

 

 

 

 

 
(a) 

 
 
 
 
 
 
 
 
 
 
 
 

(b) 

 
Fig. 2.11 RVE model for micromechanical simulation of nylon 6/clay 

nanocomposites [47]: (a) clay particle distribution with periodic boundary 

conditions and (b) axial strain contour. 

 

2.5.4 Object-Oriented Finite Element Modelling 

     Due to the complex morphology of polymer/clay nanocomposites including 

exfoliated, intercalated and aggregated clay platelets, the simple assumption of 

well-aligned regular nanoparticles in RVE modelling is no longer valid. Therefore, 

the lack of a fine structural interpretation necessitates the object-oriented finite 
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element (OOF) analysis [77-79] to deal with a small-scaled and disordered 

heterogeneous material system. OOF analysis is a quite novel numerical approach 

to incorporate morphological images, acquired from scanning electron microscopy 

(SEM) or transmission electron microscopy (TEM), into 2D finite element 

modelling with the mapped computational grid, as illustrated in Fig. 2.12. The 

advantage of OOF technique is to combine the data in the real form of 

microstructures such as particle size, shape, spatial position and real orientation 

with fundamental material parameters including elastic modulus, Poisson’s ratio, 

coefficient of thermal expansion of constitutive phases to understand the overall 

material behaviour. Although OOF is temporarily limited to the calculations of 

elasticity and thermal conductivity in 2-D microstructures, it has also given very 

promising results in analysing stress transfer [81], fracture mechanisms [82-84], 

crack propagations [85], residual thermal stresses [86, 87] and thermal 

conductivities [88] of heterogeneous materials. More recently, OOF modelling has 

also been employed in predicting the elastic modulus of nanocomposites, in 

reasonable agreement with experimental data and theoretical analyses of Halpin-

Tsai and Lewis-Nielsen models [80, 89, 90]. 

 
Fig. 2.12  A microstructure based OOF model example: (a) SEM micrograph and 

(b) finite element mesh [80]. 
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2.6 Applications for Polymer/Clay Nanocomposites  

     Polymer/clay nanocomposites represent a very exciting and promising 

alternative to highly filled conventional composites with the multifunctional 

material properties. Their wide range of applications have been achieved in recent    

years through the commercial development, involved with major automotive and 

packaging industries listed in  Table 2.3. It  is  very  encouraging that  the potential 

 
Table 2.3 Commercially available polymer/clay nanocomposites [91] 

Product Characteristics Applications Producer 

Nylon 
nanocomposites 

Improved modulus, 
strength, heat distortion 
temperature, barrier 
properties 

Automotive parts (e.g., 
timing-belt cover, engine 
cover, barrier fuel line), 
packaging (e.g. cosmetics, 
food, medical, electronics), 
barrier film 

Bayer, Honeywell 
Polymer, RTP 
Company, Toyota 
motors, Ube, Unitika 

Polyolefin 
nanocomposites 

Stiffer, stronger, less brittle, 
lighter, more easily 
recycled, improved flame 
retardancy 

Step-assist for GMC Safari 
and Chevrolet Astro vans, 
heavy-duty electrical 
enclosure 

Basell, Blackhawk, 
Automotive Plastics, 
general Motors, Gitto 
Global Corporation, 
Southern Clay Products 

M9TM High barrier properties Juice or beer bottles, multi-
layer films, containers 

Mitsubishi Gas 
Chemical Company 

Durethan® 
KU2-2601 
(nylon6) 

Doubling of stiffness, high 
gloss and clarity, reduced 
oxygen transmission rate, 
improved barrier 
properties 

Barrier films, paper 
coating 

Bayer 

AegisTM NC 
(nylon6/barrier 

nylon) 

Doubling of stiffness, 
higher heat distortion 
temperature, improved 
clarity 

Medium barrier bottle and 
films 

Honeywell Polymer 

AegisTM OX Higher reduced oxygen 
transmission rate, 
improved clarity 

Higher barrier beer bottles Honeywell Polymer 

SETTM 
nanocomposite 

nylon 12 

Improved stiffness, 
permeability, fire 
retardancy, transparency 
and recycling 

Catheter shafts and 
balloons, tubing, film and 
barriers, flexible devices 

Foster Corporation 

Forte TM 
nanocomposite 

PP 

Improved temperature 
resistance and stiffness, 
very good impact 
properties 

Automotive, furniture, 
appliance 

Noble Polymer 
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markets for polymer/clay nanocomposites might also expand in the near future to 

more versatile fields of building and construction, biomedical and bioengineering 

applications [91]. 

 

2.6.1 Automotive Applications  

     With the increasing global demand on the fuel efficiency and low emissions for 

transportation and manufacturing, polymer/clay nanocomposites, as a novel class 

of reinforced polymeric materials, become very suitable to replace the metals in 

automotive industry due to their low-cost, high-performance light weight 

characteristics and superior mechanical, thermal and feasible processing 

properties.  The key nanocomposite properties [92] for automotive application 

consist of (i) enhanced modulus and dimensional stability; (ii) higher heat-

distortion temperature; (iii) improved scratch and mar resistance and (iv) well- 

balanced toughness and rheological properties, which most likely result from the 

good clay dispersion and strong compatibility between clay particles and the 

polymer matrix. 

     The pioneering work was carried out by Toyota Motor Company to make 

timing-belt cover using nylon 6/clay nanocomposites in early 1990’s, which is 

known as the first commercial practical example for automotive application [91, 

92]. Good rigidity, excellent thermal stability and no wrap characteristics are 

demonstrated with the weight saving of 25%. Apart from nylon 6, thermoplastic 

olefin (TPO) nanocomposites were employed by General Motors in moulding step 

assists on Safari and Chevrolet mid-size vans in 2002, Fig. 2.13(a). Due to the small 

amount of additive clay materials (~2.5 wt%) in the polymer matrix, TPO 
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nanocomposite parts cost about as much as those from neat TPO. Furthermore, 

conventional moulding tools do not need to be altered in order to fit the new 

product manufacturing lines. More recently, the usage of TPO further expanded to 

mould a variety of automotive parts including the vehicle trim, centre bridge, sail 

panel and box rail protector in 2005 General Motors Hummer H2 SUT cargo, Fig. 

2.13(b). The other successful story is the commercialisation of FORTE™ 

polypropylene (PP)/clay nanocomposites fabricated by Nobel Polymers in 

application for seat backs of the 2004 Acura TL [17, 94]. From the aforementioned 

applications, there is no doubt that polymer/clay nanocomposites with versatile 

superior properties and cost-competitive feature can become the potential 

materials in various vehicles for making automotive exteriors and interiors such as 

dashpots, bumpers and mirror housings, etc. In addition, the weight advantage of 

nanocomposites also has a significant impact on the environmental protection and 

material recycling. 

    

 

 

 
 
 
 
 
 
 

 
(a) (b) 

 
Fig. 2.13 General Motors thermoplastic olefin (TPO) nanocomposite automotive 

parts: (a) 2002 M-van step assist and (b) 2005 Hummer H2 cargo bed [93]. 

 

Centre Bridge 
Sail Panel 
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2.6.2 Packaging Materials 

     The second major application of polymer/clay nanocomposites lies in food 

product packaging. A critical problem in packaging industry arises from the 

oxygen permeability that promotes the decay in beverages and dairy products 

stored in the plastic bottles and containers. The excellent barrier properties of 

nanocomposites result in the considerable enhancement of shelf-life and flavour 

preservation for many packed foods.  The improvement of barrier properties are 

attributed to the fact that well exfoliated clay platelets work as obstacles to the 

gas/liquid molecular diffusion by creating a tortuous or zigzag extended pathway 

as opposed to a straight penetration for corresponding unfilled polymers, Fig. 2.14.   

      

 

 

 

 

      
                (a)                                               (b)                                                (c)  

 
Fig. 2.14 Barrier property improvement mechanism for polymer/clay 

nanocomposites: (a) straight path in unfilled polymers, (b) tortuous path in 

nanocomposites with random-oriented clay platelets and (c) zigzag path in 

nanocomposites with well-aligned clay platelets. 

 

     Bayer AG, Germany, successfully developed nylon 6 nanocomposites for the 

use of transparent barrier film packaging [95]. Two commercial grades of 

nanocomposites Durethan® LPDU 601-1 and LPDU 601-2 for cast film have offered 

Oxygen Oxygen Oxygen 
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the different degrees of barrier improvement. It was reported that oxygen 

transmission rate (OTR) of such nanocomposite films was reduced by 50% in 

comparison to that of neat nylon 6. On the other hand, both Mitsubishi Gas 

Chemical and Honeywell used nylon/clay nanocomposites as barrier layers in 

multi-layered PET bottles and films for food packaging [17]. In particular,  

Honeywell’s AegisTM nylon 6 nanocomposites as the barrier layer provided a 26-

week good shelf life. For handling toluene and light hydrocarbon fluids,  LG 

Chem Ltd, South Korea, developed high-barrier, monolayer blow moulded 

containers using high density polyethylene (HDPE)/clay nanocomposites (clay 

content: 3-5 wt%), which achieved significant permeability reduction of 

hydrocarbon solvents by 40 to 200 times compared to  neat HDPE [17]. 

 

2.6.3 Flame Retardancy 

     Flame retardancy, from an engineering point of view, is another important 

issue to prevent the fire hazards caused by the ignition of materials. Extensive 

research work [96] at the National Institute of Standards and Technology (NIST), 

USA, has revealed that the rate of heat release would be reduced by 32% and 63% 

by adding 2 wt% and 5 wt% clay particles to nylon 6, respectively, which was 

experimentally validated in gasification tests in Fig. 2.15. According to Foster 

Corporation, higher levels of clay particles (~13.9 wt%) could also be added to 

nylon 12 elastomers, thus lowering the usage of 50% loading of halogen/antimony 

oxide flame-retardant system to a half. Such nylon 12/clay nanocomposites were 

introduced for tubing and film manufacturing in 2001. Sub-Chemie, Germany, also 

provided modified clay particles NanofilTM as flame retardants in the development 
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of halogen-free Ethylene Vinyl Acetate (EVA)/PE wires and cables with the 

improved mechanical properties, smoother cable quality and higher extrusion 

processing speeds [17]. 

                                                        (a) 

                nylon 6                      nylon 6 /clay (2 wt%)          nylon 6/clay (5 wt%)                             

                                                                 (b) 

 
Fig 2.15 Comparison of heat retardancy between nylon 6/clay nanocomposites 

and neat nylon 6: (a) during the gasification tests and (b) after the gasification tests 

[96]. 

  

2.6.4 Miscellaneous Applications 

     Polymer/clay nanocomposites are not limited to the aforementioned areas, but 

can be implemented in the other broad areas such as coating and pigments, 

electromaterials, drug delivery and sensors and medical devices [91]. Extensive 

applications for such nanocomposites are currently under thorough investigation 

to strengthen their economic benefits as the promising alternative of conventional 

composites. 
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2.7 Research in PP/Clay Nanocomposites 

     As mentioned earlier in Chapter 1, PP as one of the favourite polyolefin 

materials is in a market-driven demand mainly from automotive and packaging 

industries. PP has the great potential for composites and nanocomposites by using 

the similar conventional processing techniques such as extrusion and injection 

moulding which will not add the extra cost to the available tooling devices. 

Nevertheless, hydrophilic polymers with polar groups such as nylon or EVA are 

subjected to the successful fabrication with a better level of exfoliation and 

commercial applications while polyolefins like PP or PE as non-polar hydrophobic 

polymers tend to have the difficulty in the good compatibility with the 

hydrophilic clay particles despite the enormous industrial usages. As a result, 

modified PP with either maleic anhydride (MA) or hydroxyle groups are normally 

considered as compatibilisers to improve the clay dispersion.  

     In the early work by Toyota Central R & D laboratories, Hasegawa et al. [13] 

prepared PP-clay hybrids using a twin screw extrusion process at 200-230°C, 

compatibilised with a maleic anhydride-modified PP oligmer (MAPP). More 

uniform dispersion was achieved with the increase of weight ratio between MAPP 

and clay. It was found that tensile moduli of hybrids became higher with 

increasing the MAPP content but the tensile strengths were almost comparable to 

that of neat PP. Similar melt blending approach was undertaken by Kawasumi et 

al. [97] and Kato et al. [98] to successfully fabricate the intercalated PP-clay 

hybrids, resulting in the increase of interlayer spacing and drastic reinforcement 

effect due to the clay homogeneous dispersion. 
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     Liu et al. [14] utilised a co-intercation organophilic clay with a much larger 

interlayer spacing than the ordinary clay, only modified by alkyl ammonium to 

prepare PP/clay nanocomposites via grafting-melt compounding. Good clay 

dispersion in a partially intercalated/exfoliated structure was achieved. 

Mechanical properties for 7 wt% filled nanocomposites were greatly improved 

with increases of tensile strength and modulus up to 27% and 42%, respectively, 

compared to those of neat PP.  The addition of clay did not change the crystal 

structure of PP, but it accelerated the crystallisation considerably. 

     On the other hand, in order to improve the level of exfoliation, Lee et al. [99] 

introduced an effective in-situ ultrasonic technique, resulting in the increase of 

interlay spacings of all PP nanocomposite samples. In addition, it was found that 

ultrasonic processing was more effective in dispersing and exfoliating clay in the 

lower molecular weight PP. Similar approach was recently performed by Zhao et 

al. [100] to generate ultrasonic oscillations on a cylinder die of the extruder. The 

ultrasonic oscillations appeared to improve the clay dispersion effect and diminish 

the spherulite size of PP in ultrasonicated nanocomposites, resulting in the 

dramatic increases of 1300% in elongation at break and 150% in impact strength 

compared to those of conventional unsonicated nanocomposites. 

     The effects of clay and compatibiliser types and processing conditions such as 

temperature profile, screw speed, filler content, mixing protocol and feeding 

sequences in melt processing of nanocomposites were also investigated as key 

factors. Zhu and Xanthos [101] found that two-step masterbatch mixing method 

resulted in better clay exfoliation than one-step direct mixing method. The 

residence time was a dominant factor in producing the nanocomposites, but high 
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shear rate in the extruder coupled with long residence time might cause the poor 

exfoliation. Wang et al. [15] studied the effectiveness of the feeding sequence and 

compatibiliser type on the clay dispersion into the PP matrix. It was reported that 

side feed with adequate residence time facilitated better clay dispersion than 

hopper feed, and a high degree of exfoliation was revealed in nanocomposites 

modified by MAPP with low melt flow index (MFI) and moderate degree of 

grafting content. Lertwimolnun and Vergnes [12] prepared PP/organoclay 

nanocomposites via direct melt intercalation by varying the MAPP content, mixing 

time, rotor speed, mixing temperature in an internal mixer and the feed rate in a 

co-rotating twin screw extruder. The dispersion improvement was found mainly 

at the MAPP content between 10 wt% and 25 wt%, and the level of intercalation 

represented by the interlayer spacing was unaffected by processing parameters. 

However, increasing the shear stress, mixing time and decreasing the mixing 

temperature showed better exfoliation. Furthermore, identical results were 

obtained by Modesti et al. [102] that the optimised processing condition might be 

achieved at a higher screw speed and lower barrier temperature profile, leading to 

a high degree of intercalation and exfoliation as long as the strong compatibility 

occurred between clay and the PP matrix. In such processing condition, the 

significant improvement of mechanical properties was demonstrated with the 

maximum increases of tensile modulus about 130% and impact strength about 

50% for 5 wt% filled nanocomposites (MAPP content: 6 wt%). Perrin-Sarazin et al. 

[103] focused on using different clay and MAPP coupling agents to prepare 

PP/clay nanocomposites by melt blending. The use of low molecular weight 

MAPP was found to facilitate the good and uniform intercalation, but without the 
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further possibility of exfoliation while the use of higher molecular weight MAPP 

led to a heterogeneous intercalation with a certain level of exfoliation.  Lei et al. 

[104] investigated the effect of clay chemistry and sources on melt processing of 

nanocomposites using a Brabender® plasticorder and concluded that the surface 

treatment of clay could improve the dispersion, and all types of clay demonstrated 

the apparent nucleating effect. More recently, Kim et al. [105] studied the 

structural-property relationship of PP nanocomposites by melt processing with the 

main emphasis on the ratio of MAPP and organoclay. Morphological studies have 

revealed that the aspect ratio of clay particles decreases as the amount of clay in 

the nanocomposites increases. On the contrary, the aspect ratio increases with 

increasing the amount of MAPP. However, due to the matrix property reduction 

of MAPP, mechanical and thermal expansion behaviour did not improve in all 

formulated nanocomposites correspondingly. The amount of MAPP added along 

with its crystallinity appeared to play important roles in optimising mechanical 

and thermal expansion properties. 
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_____________________________ 
Chapter 3  

Materials and Experimental 
Techniques 

_____________________________ 
 
If I have seen further it is by standing on the shoulders of giants." 
                                                                                   
                                                                                                                Sir Isaac Newton 
 

3.1 Materials 

     Three grades of commercially available polypropylenes (PP) with the various 

melt flow indices (MFI), referred to as PP-Co M710, PP-Hom Y130 and PP-Hom 

H380F, were provided by Clariant (New Zealand) Ltd. PP-Co M710 is a high 

impact PP copolymer modified with ethylene content of 6 wt%. Maleic anhydride 

grafted polypropylene (MAPP) ExxelorTM PO 1020 (MA content: 0.5-1 wt%), as the 

compatibiliser, was obtained from ExxonMobil Chemical (Germany). Their 

relevant material specifications are listed in Table 3.1.  

     The layered silicates used in this study are three types of organomodified 

montmorillonite (MMT) NANOLINTM clay, denoted as DK1N, DK2 and DK4. 

They were supplied by Zhejiang FengHong Clay Chemicals Co., Ltd, China, with 

the average fully dispersed clay platelet thickness about 25 nm (aspect ratio 100-

1000) in 95-98% purified smectite content. The three types of organoclay were 

modified by different levels of cation exchange reaction with octadecylammonium

salt to broaden their interlayer spacings according to the method described in the 

literature [106]. The specifications of selected organoclay are listed in Table 3.2. 
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Table 3.1 Material specifications of used polypropylenes  

 

PP Grades Density 
(g/cm3) 

Melt Flow 
Indexa 

(g/10 min) 

Molecular 
Weight 
Range 

Izod Impact 
Strengthb  

(kg cm/cm) 

LG Hi-Prene M710 
PP Copolymer 

0.9 0.6 High >50 

Hopelen Y130  
PP Homopolymer 

0.9 4.0 Medium  3.4 

SK H380F   
PP Homopolymer 

0.9 25 Low 3.0 

ExxelorTM PO 1020 
MAPPc 

0.9 ~ 430 Very Low __ 

 

aMelt flow conditions 2.16kg/230 °C according to ASTM D1238. bData from material 

data sheets measured at 23 °C according to ASTM D256. cHigh maleic anhydride 

(MA) content (MA level is typically in the range of 0.5-1.0 wt%). 
 
 
 
 

Table 3.2 Specifications of NANOLINTM organoclay 

NANOLINTM  

Organoclay Typea 
Density 
(g/cm3) 

Interlayer Spacingb  
(nm) 

DK1N 1.8 2.29 

DK2 1.8 2.25 

DK4 1.8 3.56 
 

aHydrophilic property: DK2>DK1N>DK4 from manufacturer’s data sheet. bThe interlayer 

spacing corresponds to Bragg reflection peak (d001) from raw organoclay powders using X-

ray diffraction (XRD) scan. 
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3.2 Melt Processing 

3.2.1 Melt Compounding Methods 

     In general, polymer/clay nanocomposites are prepared by melt compounding 

PP and MAPP pellets with the organoclay powders in two different approaches, 

namely two-step masterbatch compounding and direct compounding processes 

[15, 101]. Instead of conventional hand mixing and hopper feeding, these two 

methods were further modified by considering the specific feeding techniques of 

PP and clay particles  in order to improve their better material flow, as illustrated 

in Figs. 3.1 and 3.2.  

     In this study, two-step masterbatch compounding process was initially used 

including two combined steps of masterbatch compounding and PP dilution. In 

the first step, powdered MAPP and organoclay powders were first pre-mixed and 

fed into the twin screw extruder using a powder feeder to make the masterbatch. It 

was expected that the masterbatch compounding would promote the strong 

interactions between MAPP and clay particles by the polymer diffusion to expand 

the clay interlayer spacing. Then the collected masterbatch pellets were further 

diluted with PP pellets by two separate polymer screw feeders with different 

capacities and screw speeds to prepare the final nanocomposites.  

     In the direct compounding process, PP and MAPP pellets were simultaneously 

fed into the extruder, again using two polymer screw feeders. Organoclay 

powders were subsequently fed downstream into fully melted polymeric mixture 

(i.e. PP and MAPP) by the same powder feeder to produce nanocomposites. In 

order to achieve better clay dispersion, the initial prepared nanocomposites were 
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further recompounded at a relatively low screw speed in a similar processing 

condition to extend the residence time. 

     Venting (degassing) was employed close to the die exit to remove moisture 

during the processing in both compounding methods. The masterbatch and 

nanocomposite extrudates were cooled down in the water bath and pelletised into 

strands prior to the plastic bin collection. 

 
 
Fig. 3.1 Schematic diagram of two-step masterbatch compounding method: (a) 

masterbatch compounding and (b) PP dilution.    
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Fig. 3.2 Schematic diagram of direct compounding method: (a) first direct 

compounding and (b) recompounding. 

   

3.2.2 Extrusion Setup  

     PP/clay nanocomposites (PPNC) were prepared by melt compounding in a co-

rotating intermesh twin screw extruder Brabender® DSE 20 (screw diameter D=20 

mm, L:D= 40:1). The temperature profile of four zones was 185 °C, 195 °C, 200 °C 

and 210°C, respectively, from the feeding zone to the heating zones, and die 

temperature was over 203 °C. In addition, a standard pelletising round die plate 

(die diameter: 2 mm) was mounted at the screw end. The details of two different 
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screw configurations and element geometries for two-step masterbatch 

compounding and direct compounding methods are displayed in Fig. 3.3, 

respectively. Each screw consists of the assembles of conveying screw elements 

(SE), wide kneading blocks (KBW), reverse screw elements (SE L) and reverse 

kneading blocks (KBW L). For instance, “SE 20/10L” represents a reverse 

conveying screw element with a thread pitch of 20 mm and a screw length of 10 

mm, and “L” means a reserve configuration (i.e. left hand flight). “KBW 45/5/30” 

represents  a  wide  kneading  block  with  a  staggering  angle  of  45°  and an axial 

 
 
 

 

 

(a) 

(b) 

             

 

 

 

 
Fig. 3.3 Screw configurations in the twin screw extruder: (a) two step masterbatch 

compounding and (b) direct compounding. 
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length of 30 mm, built up with five kneading disks. Conveying elements control 

the material convey rate by using screw elements with different pitches and 

lengths. Wide kneading blocks are employed to enhance the mixing and facilitate 

the higher shear intensity. Reverse screw elements and reverse kneading blocks 

contribute to the back pressure to extend the residence time of mixed materials. 

 

3.2.3 Material Feeding Techniques 

     In order to achieve a better material control, WOYWOD Plasticolor® 1000 and 

2200 pellet screw feeders were employed to convey different polymer materials or 

compounds such as PP and masterbatch into the extruder, depicted in Fig. 3.4(a). 

The material powders like clay particles were fed using a SCHENCK AccuRate® 

agitational powder feeder (model 300), Fig. 3.4(b). A pair of pedals mounted on 

the feeder side panel agitated the plastic hopper to easily convey the materials. 

Furthermore, an Ideal® electric marker, working as a vibrator, was attached to the 

nozzle of the powder feeder, shown in Fig. 3.4(c). This special setting could help to 

diminish the clay agglomerates, built up at the dosing end of the feeder, leading to 

a more uniform clay dispersion. Both the agitational level and feeder speed were 

fine-tuned by a digital feeder controller. The relationships between feeder speed 

parameters and corresponding feed rates for different types of PP, MAPP and 

organoclay were initially calibrated, as illustrated in Figs. 3. 5(a)-(c). The feed rates 

were derived from the average values based on five material weight readings in 

g/min. Feeder speed parameters were later rectified in the confirmation tests to 

obtain the desirable material contents with the errors of less than 5% for the 

average feed rates. 
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                                (b)                                                                        (c) 

             
 
Fig. 3.4 Feeder setup for melt compounding PP/clay nanocomposites: (a) polymer 

pellet feeders Plasticolor® 1000 (A) and 2200 (B), (b) SCHENCK AccuRate® 

powder feeder model 300 (in cross section) and (c)  Ideal® electric marker (C) as a 

vibrator. 
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Fig. 3. 5 Feed rate calibration curves: (a) SCHENCK AccuRate® model 300 powder 

feeder for organoclay powders (agitational setting: 600), (b) Plasticolor® 1000 

feeder for MAPP pellets and (c) Plasticolor® 2200 feeder for PP pellets. 
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3.2.4 Extrusion Procedure 

3.2.4.1 Two-Step Masterbatch Compounding  

     Initial attempts were made to investigate the two-step masterbatch 

compounding process, only using DK2 organoclay and PP-Co M710 in the 

presence of MAPP as the raw materials. The processing details are described in the 

following paragraphs. 

     MAPP pellets were initially ground into fine powders with a Retsch® Ultra-

Centrifugal Mill ZM 200 after being frozen in the liquid nitrogen (LN2). The 

powdered MAPP and DK2 organoclay were then metered in the weight ratio of 

1:1 and dried separately in a vacuum oven at 90°C for over 16 hrs.  Both of the dry 

powders were subsequently mixed in a Plasomec® high intensity mixer for more 

than 5 mins. The related pre-processing equipments are demonstrated in Figs. 3.6.  

      

 

 

 

 

 

 

                              

                               
                              (a )                                                                       (b) 
 
Fig. 3.6 Pre-processing equipments in two-step masterbatch compounding: (a) 

Retsch® Ultra-Centrifugal Mill ZM 200 and (b) Plasomec® high-intensity mixer. 
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     In masterbatch compounding step, the pre-mixed batch was first fed into the 

hopper by a SCHENCK AccuRate® powder feeder (model 300) at a feed rate of 

3.39 kg/hr. In the next PP dilution step, the masterbatch was let down into PP 

pellets, separately fed by Plasticolor® 1000 and 2200 screw feeders to prepare final 

nanocomposites. Such nanocomposites were formulated with clay contents of 1 

wt%, 3 wt%, 5 wt% and 10 wt% (denoted as NC1, NC3, NC5 and NC10, 

respectively).  In both steps, the screw speed of the extruder was kept at 200 rpm. 

 

3.2.4.2 Direct Compounding  

     The main research work in this study essentially concentrated on the direct 

compounding process using all three grades of PP and NANOLINTM DK series 

organoclay by implementing the statistical design of experiments (DoE) technique 

to determine the significant factors for the mechanical property enhancement of 

formulated nanocomposites. Furthermore, the manufacturing of final preferred 

nanocomposites underwent the similar method. More details of nanocomposite 

formulations using this method are given in Chapter 4. 

     The first direct compounding was made at the screw speed of 200 rpm and the 

feed rate of 3.0 kg/hr for all PP grades. As mentioned earlier, Plasticolor® 1000 

and 2200 screw feeders were employed to feed the desirable amounts of MAPP 

and PP, respectively, and modified SCHENCK AccuRate® powder feeder model 

300 was used for the downstream feeding of organoclay, all based on the former 

feed rate calibrations. Initial nanocomposite batches were then recompounded at 

100 rpm with the same feed rate of 3.0 kg/hr using a Plasticolor® 2200 screw 
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feeder. Raw materials and collected nanocomposite pellets were again dried in a 

vacuum oven at 90ºC for over 16 hrs.  

 

3. 2. 5 Injection Moulding Process 

     Mechanical testing samples were prepared on a BOY® 50A injection moulding 

machine with a temperature profile of 195ºC, 200ºC, 210ºC and 190ºC from the 

first, second and third feeding zones to the nozzle. The die temperature was kept 

at 25ºC, and the injection pressure was about 60-80 bars. After the injection 

moulding, the test samples were immediately sealed in plastic bags and later dried 

in a vacuum desiccator with silica gels to absorb moisture for over 24 hrs prior to 

the mechanical testing. 

 

3. 3 Material Characterisation Methods 

     Polymer/clay nanocomposites are generally characterised by various 

techniques in order to explicitly understand their intercalated/exfoliated 

morphology, clay dispersion, thermal stability and mechanical properties, etc, as 

listed in Table 3.3. X-ray diffraction (XRD), transmission electron microscopy 

(TEM) and small angle X-ray scattering (SAXS) with wide angle XRD (WXRD) can 

yield both qualitative and quantitative characterisations of nanocomposite 

structures. Besides, nuclear magnetic resonance (NMR) is another important 

technique to probe the nanocomposite surface chemistry and coordination. Fourier 

transform infrared (FTIR) and Raman spectroscopy are used to understand the 

nanocomposite structural formation [91]. The following sections address the key 

techniques employed in this study. 
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Table 3.3 Commonly used characterisation techniques for polymer/clay 

nanocomposites [91] 

Techniques Characteristics and Properties 

XRD/WAXRD • Degree of swelling and interlayer distance of clay  
• Dispersion degree of clay platelets 
• Morphology (conventional, intercalated, exfoliated or mixed 

structures)  

SEM • kinetics of intercalated process 
• Surface roughness and morphology 
• Dispersion degree of clay particles 

TEM/HRTEM • Morphology and its development 
• Microstructure (intercalated vs. exfoliated) 
• Spatial distribution of clay platelets 
• Structural heterogeneities 
• Defect structure and atomic arrangement 

AFM • Crystallisation behaviour of polymer 
• Surface roughness 
• Particle size and distribution 
• Morphology and microstructure (intercalated vs. exfoliated) 

FTIR • Component identification and analysis  
• Interfacial interactions 
• Crystallisation and orientation of polymer 

NMR • Local dynamics of polymer chains 
• Morphology and dispersion of clay particles 
• Surface chemistry 

SAXS • Dispersion of nanoscale clay platelets 
• Morphology (intercalated, exfoliated or mixed) and its 

development 
• Phase behaviour and structure evolution 
• Lamella texture and thickness 

TGA • Thermal Stability 

DSC • Melting and crystallisation behaviour 
• Local dynamics of polymer chains 

Cone Calorimetry • Flame retardancy, such as heat release rate and carbon 
monoxide yield 

• Thermal stability 

Rheometry • Nanorheology 

Mechanical Test • Young’s modulus 
• Tensile strength 
• Elongation at break 
• Viscoelastic properties  
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3.3.1 X-Ray Diffraction (XRD) 

     Wide angle X-ray diffraction (XRD) is a sophisticated characterisation technique 

for the evaluation of any consistent and ordered material structures. In particular, 

XRD at small angles can examine the intercalated/exfoliated morphological 

structures and the process kinetics of polymer/clay nanocomposites based on the 

position, shape and intensity of the basal reflection of XRD patterns. The 

correlations between XRD patterns and nanocomposite morphology are 

demonstrated in Fig. 3.7. For the conventional immiscible composites, composed 

of the unseperated tactoids in the continuous polymer matrix, the resulting XRD 

pattern is similar to that of the original clay particles. When clay particles are close 

to each other with the preferred orientation in an intercalated nanocomposite, the 

finite layer expansion is associated with the appearance of new basal reflection 

peak, shifting to a smaller diffraction angle, which corresponds to a larger 

interlayer distance. In addition, the separation of clay platelets also decreases the 

periodicity in XRD, thus resulting in the reduction of peak intensity. On the other 

hand, the delamination of clay platelets in an exfoliated nanocomposite might be 

indicated by the peak absence of any repeated interlayer basal structure. However, 

the lack of reflection peak does not always mean the exfoliated structure. In some 

cases, disordered and immiscible material structures and low clay content with the 

non-uniform dispersion can also fail to produce the reflection peak [108]. 

Consequently, XRD mainly offers a convenient method to determine the interlayer 

spacing of original clay particles and intercalated nanocomposites which normally 

demonstrate well-oriented clay structures.  

  
 



Chapter 3                                                          Materials and Experimental Techniques  

 59

 

 

 

 

 

 

 

 

 
Fig. 3.7 Correlations between XRD patterns and morphological structures of 

polymer/clay nanocomposites [107]. 

 

     Moreover, the XRD can also be utilised for the quantitative measurement of the 

interlayer spacing d. As seen from Fig. 3.8, an X-ray beam incident on two parallel 

planes (i.e. clay layers), separated by the interlayer spacing d, are reflected with 

two parallel incident rays, making an angle θ with these planes. When the two 

reflected waves are in phase, a reflected beam with the maximum intensity will 

occur. The difference in path length between either the incident rays or reflected 

waves must be the integral number n of the wave lengths. Hence, the classical 

Bragg’s law expresses a simple mathematical relationship as 

                                                    
                                                     θλ sin2dn =                                                        (3.1) 

 
where λ is the wave length of X-ray radiation, d is the spacing between two 

diffracted layer planes and θ is the measured diffraction angle.  Since λ is already 

known for the selected XRD beam and θ is automatically controlled and recorded, 

then d can be easily calculated using Equation (3.1). 
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     Fig. 3.8 Scheme of Bragg’s law ( θλ sin2dn = ). 

 

     On the other hand, for the semi-crystalline polymers such as PP and PE, the 

crystalline structures can also be characterised at wide angles in order to 

understand how the transformation of crystal phases alters the physical and 

mechanical properties of  corresponding nanocomposites due to the addition of 

clay particles.  

     XRD was carried out by using an X-ray diffractometer Bruker D8 ADVANCE 

(Germany) at room temperature which was operated at 40 kV and 40 mA with Cu-

kα X-ray beam (wave length λ=0.15406 nm). The XRD patterns were scanned (scan 

rate: 0.4°/min) at both small angles (2θ=2-10°) to investigate the intercalation level 

and clay dispersion and at wide angles (2θ=10-30°) for crystalline structures of 

PP/clay nanocomposites, respectively. The XRD samples were either obtained 

directly from the raw organoclay powders and fine-powdered nanocomposite 

masterbatch or cut into strips from the injection moulded tensile samples of neat 

PP and formulated nanocomposites, subjected to the further hand polishing with 
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sandpaper. The interlayer spacing (d001) of clay platelets was then determined from 

the 2θ position of the clay (001) basal reflection peak based on Bragg’s law 

(nλ=2d001sinθ). Moreover, a basic peak fitting analysis was also made using the 

Gaussian distribution function to smooth the original XRD patterns.  

 

3.3.2 Scanning Electron Microscopy (SEM) 

     The SEM is a high resolution microscopic tool to produce largely magnified 

images which are formed by using electrons rather than light. The SEM allows a 

large depth of field for more proportion of the sample to be in focus at one time. In 

addition, the SEM enables to produce images of high resolution so that closely 

spaced features can be examined at high magnification. In a word, the 

combination of higher magnification, larger depth of focus, greater resolution and 

the ease of sample observation makes the SEM heavily used in research areas 

today.  

     A  Philips XL30S Field Emission Gun SEM machine was performed at 5.0 kV to 

examine the morphology of nanocomposites and clay dispersion behaviour on the 

fracture surfaces. From the middle area of a tensile sample, a strip-like portion was 

removed and notched parallel to the melt flow direction using a hacksaw. 

Subsequently, it was immersed in liquid nitrogen and instantly underwent 

cryogenic fracture to produce good brittle surfaces. The relevant preparation 

procedure is illustrated in Fig. 3.9. After the fracture surfaces were removed by a 

sharp surgery knife, they were mounted along with small amounts of clay 

particles and masterbatch powders onto the SEM sample slides prior to the 

platinum sputter coating. 
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Fig. 3.9 SEM sample preparation. 

 

3.3.3 Transmission Electron Microscopy (TEM) 

     Different from the SEM to focus on the fracture morphology, the TEM is an 

advanced imaging technique where a electron beam is transmitted in-depth 

through a sample in order that the formed image can be further magnified and 

directed to appear either on a fluorescent screen or layer of photographic film, or 

to be detected by a sensor such as a CCD camera [109]. Since the TEM can deal 

with very tiny objects to the order of a few angstrom (10-10 m), the possibility of 

high magnifications in TEM images has made it a very valuable tool to locally 

detect the size and dispersion of nanoscale clay platelets and the calculated 

distance between platelets in nanocomposites. 

     More importantly, good quality TEM images of nanocomposite morphology 

mainly rely on the highly skilled sample preparation, subjected to a sophisticated 
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cryogenic microtoming technique. In this study, the ultrathin TEM samples were 

prepared with an average thickness of about 70 nm which were cryogenically 

microtomed at -80°C using a Hitachi S-4700 ultramicrotome. More preparation 

details are demonstrated in Fig. 3.10. First of all, sample portion B was taken from 

the central cross section of the injection moulded tensile sample A. Then the top 

and bottom surfaces of B were removed to leave a strip-like portion C as the 

nanocomposite TEM reference sample. In the last step, portion C was microtomed 

at the FD side to prepare the final ultrathin TEM sample. Then TEM samples were 

collected on 300 mesh copper grids and subsequently stored in a plastic grid box. 

TEM analysis was conducted on those ultrathin film samples using a Philips CM12 

TEM machine, operated at an accelerating voltage of 120kV.  The clay dispersion 

was examined in different focus areas over a wide range of magnifications in order 

to minimise the drawback of image localisation effect in TEM analysis. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: FD=Flow Direction, TD=Transverse Direction and ND=Normal Direction  

(L0, b0 and t0 are length, width and thickness of tensile sample, respectively). 

 
Fig. 3.10 Microtoming TEM ultrathin sample [21]. 
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3.3.4 Mechanical Testing 

     Mechanical properties are very essential to understand the structure-property 

relationship of polymer/clay nanocomposites which were determined by using 

tensile, flexural and impact tests according to ASTM D638, ASTM D790 and ASTM 

D6110, respectively. Tensile testing was carried out on a universal tensile machine 

Instron® 1185 at room temperature. The chord tensile modulus (between 0.05% 

and 0.25% strains) at the crosshead speed of 5mm/min and the tensile strength at 

yield at 50 mm/min were calculated, respectively. Moreover, the flexural testing 

was conducted using a laboratory-scaled three-point bending rig on the Instron® 

1185 machine, Fig. 3.11. The chord flexural modulus (between 0.05% and 0.25% 

strains) and flexural strength (calculated from 5% flexural strain) were also 

determined at a crosshead speed of 1.22 mm/min. The Charpy impact strength 

was obtained by breaking notched injection moulded impact samples, using a 

CEAST® Resil 25 pendulum impact testing machine, Fig. 3.12. The reported 

results were based on the average data of over five samples with calculated 

standard deviations. 

 
 

 

 

 

 

 

 

Fig. 3.11 Three-point bending rig for a flexural test setup. 
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Fig. 3.12 CEAST® Resil 25 pendulum impact testing apparatus. 

 

3.3.5 Differential Scanning Calorimetry (DSC) 

     DSC is a thermal analytical technique where the difference in the amount of 

heat required to increase the temperature of a sample and reference are measured 

as a function of temperature [110]. In addition, both the sample and reference are 

maintained at nearly the same temperature throughout the experiment. DSC data 

such as transition temperatures, degree of crystallisation and heat capacity are 

usually determined on endothermic (heat absorption) and exothermic (heat 

evolution) material processes during physical transitions and chemical process, 

resulting from phase changes, melting, oxidation and other heat changes. 

     DSC tests were performed by a DSC-Q1000 TA instrument to study the melting 

and crystallisation behaviour of PP/clay nanocomposites under the nitrogen 

atmosphere, Fig. 3.13. Prepared DSC sample around 10 mg was sealed in an 

aluminium pan using a sample encapsulating press and placed into the DSC cell 

by an automatic sample gripper with the reference to the sealed empty pan. The 
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DSC sample was first equilibrated at -60°C and heated up to 220°C at 10°C/min 

which then underwent the isothermal condition for 5 mins to eliminate the 

material thermal history. Subsequently, it was cooled down to -60°C at the same 

cooling rate (i.e. 10°C/min). The identical procedure was carried out for a second 

run. The final melting and crystallisation curves were chosen from the first cooling 

scan and second heating scan, respectively.  

      

 
 
 

 

 

 

 

 

 

 
Fig. 3.13  DSC-Q1000 TA instrument. 

 

     The melting temperature (Tm), crystallisation temperature (Tc) and degree of 

crystallinity (Xc) of the PP matrix in nanocomposites were determined from the 

DSC measurement. Xc  could be evaluated from the following relationship: 

                                         100
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Δ
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m
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HX                                      (3.2) 

where ∆Hm (J/g) is the heat of fusion of the PP matrix, Wf  is the weight fraction of 

clay particles, and 0
fHΔ  is the heat of fusion of pure crystalline PP ( 0

fHΔ =209 J/g 

[111]). 
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3.3.6 Dynamic Mechanical Thermal Analysis (DMTA) 

     DMTA is a material characterisation technique most used for the viscoelastic 

properties of polymers which can simultaneously determine the elastic modulus 

(stiffness) and energy absorbing (toughness) characteristics as a function of 

temperature, frequency or time. A sinusoidal force is normally applied to a DMTA 

sample, and then the resulting deformation or strain can be measured. As a result, 

the complex modulus of a polymeric material is determined as the ratio of 

dynamic stress to the dynamic strain which includes both storage modulus (E’) 

and the loss modulus (E”) as the elastic and viscous components due to its linear 

viscoelastic behaviour. In addition, the ratio of the loss modulus E” to the storage 

modulus E’ is known as the loss tangent tanδ (tanδ =E”/E’). E’ represents the stored 

and elastically recovered energy which can be observed in DMTA as the change of 

sample stiffness in reference to the temperature. Besides, E” reflects the dissipated 

or loss energy due to the related molecular motion during the flow deformation 

[112].  

     In particular, the glass transition temperature (Tg), as one of the key polymeric 

properties in melt processing, can be more sensitively determined in DMTA, as 

compared to DSC which gives very weak energy step to semi-crystalline or 

crystalline polymers such as PP in response to Tg [11]. Tg can be often detected 

from either the onset of the sharp drop in E’, or the peaks of E” and tanδ. Amongst 

these techniques, the peak of tanδ  more accurately represents a point at which 

both the loss and storage moduli undergo the rapid changes [113]. As a 

consequence, the peak of tanδ, as a sensitive indicator of transitions, has been used 

in this study for the determination of Tg. 
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(a) (b) 
 
 

Fig. 3.14 DMTA test apparatus: (a) computer-controlled Rheometric Scientific 

DMTA V dynamic mechanical thermal analyser and (b) single cantilever mode 

setup. 

      

     DMTA measurements were carried out using a Rheometric Scientific DMTA V 

analyser in a single cantilever mode (0.01% strain) at an oscillatory frequency of 1 

Hz, Fig. 3.14. The temperature range was from -60°C to 150°C at a heating rate of 

5°C/min in the nitrogen atmosphere. The DMTA samples with the nominal 

dimensions of 27 mm×10 mm×2.5 mm were cut from the injection moulded strips. 

At least two samples were used at each measurement for the test reproducibility. 
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_____________________________ 
 Chapter 4 

                  Material Formulations 
Using Design of Experiments  

_____________________________ 
 
“Give a man a fish, he'll eat for a day. Teach a man how to fish, he'll eat for a lifetime.” 
                                                                                                                   

Ancient Proverb 
 
4.1 Taguchi Method  

     Taguchi method [114, 115] is a well-known approach in the modern robust 

design process, primarily based upon statistical design of experiments (DoE). This 

special engineering method is used to optimise the process conditions with the 

minimal sensitivity to the various causes of variation and also to produce high-

quality products with low development and manufacturing costs [114]. Generally 

speaking, there are two core tools employed in Taguchi method including signal-

to-noise ratio to measure the variation-induced quality as well as orthogonal 

arrays to simultaneously accommodate many design factors. 

     Taguchi method, as a very popular engineering statistical DoE, can easily detect 

the most significant factors for maximising the mechanical properties of 

nanocomposites and work out their preferred formulations in a limited number 

of trials to achieve this goal. The great enhancement on mechanical properties of 

PP/clay nanocomposites is normally affected by two categories of factors, namely 

processing parameters such as temperature profile, screw speed, feed rate and die 

pressure in extrusion compounding and injection moulding processes as well as 
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the selection of raw material grades and contents. Nevertheless, such a great 

number of influencing factors inevitably lead to the complexity of the 

experimental work. As a result, only the effects of using different combination of 

PP and organoclay with various types and contents in the presence of MAPP were 

evaluated in this work. Thus, all the processing conditions remained the same in 

twin screw extrusion and injection moulding processes. 

     In this chapter, the primary objective is to tailor preferred nanocomposites to 

their specific usages for the mechanical properties with the technical and economic 

considerations.  

 

4. 2 DoE Layout   

     Four factors of clay type and content, MAPP content and PP type with three 

different levels of low, medium and high settings were selected in the DoE work, 

Table 4.1. This setup results in a typical three-level four factors L9 Taguchi DoE 

layout compared to traditional full-factorial 81 trials to complete the entire 

experimental work. To keep the analysis simple, all four factors were assumed to 

be independent of one another, thus neglecting the factorial interactions. 

 
Table 4.1 Four factors and three levels used in L9 DoE layout 

 
                                      Level Factor 

 1 2 3 

A: Clay Type DK1N DK2 DK4 

B: Clay Content (wt%) 3 5 10 

C: MAPP Content (wt%) 5 10 20 

D: PP Type PP-Co M710 PP-Hom Y130 PP-Hom H380F 
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Table 4.2 L9 DoE layout for first direct compounding and recompounding of 

PP/clay nanocomposites 

 
Note: * Figures in parentheses (e.g. 5/10/85) indicate the contents (wt%) of organoclay, 

MAPP and PP in nanocomposites. 

 

     An identical L9 DoE layout for both first direct compounding and 

recompounding processes was established in the sequence of random order trial 

numbers (R: first direct compounding process and RR: recompounding process, 

Table 4.2). The ultimate responses were set to maximise tensile/flexural moduli 

and strengths as well as the impact strengths of prepared nanocomposites. 

Trial 
Number 

 

Symbol 
 
 

Clay  
Type 

 

Clay 
Content 
(wt%) 

MAPP  
Content 
(wt%) 

PP  
Type 

 

1 
 

 
R1 (RR1):DK1N/MAPP/Y130 

(5/10/85)* 
DK1N 

 
5 
 

10 
 

PP-Hom Y130 
 

2 
 

 
R2 (RR2): DK4/MAPP/Y130 

(3/20/77) 
DK4 

 
3 
 

20 
 

PP-Hom Y130 
 

3 
 

 
R3 (RR3): DK2/MAPP/Y130 

(10/5/85) 
DK2 

 
10 

 
5 
 

PP-Hom Y130 
 

4 
 

R4 (RR4): DK1N/MAPP/M710 
(3/5/92) 

DK1N 

 

3 

 

5 

 

PP-Co M710 

 

5 
 

 
R5 (RR5): DK2/MAPP/H380F 

(3/10/87) 
DK2 

 
3 
 

10 
 

PP-Hom H380F 
 

6 
 

 
R6 (RR6): DK2/MAPP/M710 

(5/20/75) 
DK2 

 
5 
 

20 
 

PP-Co M710 
 

7 
 

 
R7 (RR7): DK4/MAPP/M710 

(10/10/80) 
DK4 

 
10 

 
10 

 
PP-Co M710 

 

8 
 

 
R8 (RR8): 

DK1N/MAPP/H380F 
(10/20/70) 

DK1N 
 

10 
 

20 
 

PP-Hom H380F 
 

9 
 
 

 
R9 (RR9): DK4/MAPP/H380F 

(5/5/90) 
 

DK4 
 
 

5 
 
 

5 
 
 

PP-Hom H380F 
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Consequently, a “larger-the-better” characteristics [114, 115] formula was used to 

identify the combination of factors with the maximum response shown as 

                                         ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= ∑

=

0

1
2

0

11log10
n

i iyn
S/N                                      (4.1) 

where S/N is the signal-to-noise ratio based on the improvement of quality and 

measurement via variability reduction [114], n0 is the number of samples in each 

trial, and y is the measured response value, namely the normalised moduli or 

strengths over those of corresponding neat PP. 

 

4.3 Pareto ANOVA  

     Pareto ANOVA [114, 116] is a simplified ANOVA method using a Pareto 

principle (i.e. the 80/20 rule1) which is a quick and easy method to analyse the 

results of parameter design without the requirement of ANOVA table and F-tests. 

Moreover, significant factors and interactions as well as the relevant optimum 

factors and levels can be easily detected by this special Pareto-type analysis.  Table  

Table 4.3 Pareto ANOVA for three-level factors [114] 

                                                 
1 The Pareto principle (80/20 Rule) means that in anything a few (20%) are vital and many (80%) are 

trivial. 

Factors and  
Interaction   

 
A 

 
B 

 
C 

 
D 

 
Total 

1 A1 B1 C1 D1 

2 A2 B2 C2 D2 

Sum at 
Factor 
Level 

3 A3 B3 C3 D3 

T=A1+A2

+A3 

Sum of 
Squares of 

Differences (S) 

(A1-A2)2 

+(A1-A3)2 

+(A2-A3)2=SA 

(B1-B2)2 

+(B1-B3)2 

+(B2-B3)2=SB 

(C1-C2)2 

+(C1-C3)2 

+(C2-C3)2=SC 

(D1-D2)2 

+(D1-D3)2 

+(D2-D3)2=SD 

ST=SA+SB 

+SC+SD 

Contribution 
Percentage (%) 

(SA/ST)×100 (SB/ST)×100 (SC/ST)×100 (SD/ST)×100 100 

Cumulative 
Contribution 

Percentage (%) 

(SA/ST)×100 (SA/ST+ SB/ST ) 
×100 

(SA/ST+ SB/ST  

+SC/ST) ×100 

100  
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4.3 lists a typical Pareto ANOVA table for three-level factors in L9 DoE layout. The 

general criterion to determine the significant factors in this study was based upon 

the derived cumulative contribution percentage of about 90%. Economic and 

technical issues were considered for the other non-significant factors. 

 

4.4 Recompounding Effect on the Property Enhancement 

     Mechanical testing was performed on the injection moulded samples prepared 

in both first direct compounding and recompounding processes in twin screw 

extrusion. Figs. 4.1-4.3 display relevant mechanical properties of neat PP and 

corresponding nanocomposites in both processes of L9 DoE layout. Comparisons 

of all the mechanical properties of nanocomposites were based on those of 

corresponding neat PP in each trial. In order to produce the reference materials, 

neat PP underwent only the first direct compounding and injection moulding in 

the same processing condition as corresponding nanocomposites to reduce the 

possibility of thermal degradation of PP. 

 

4.4.1 Tensile Properties 

     In respect to the tensile properties, the improvement of tensile modulus is quite 

marginal for PP-Co M710 based nanocomposites in the first direct compounding. 

It only shows 1% increase for R6 and 9% increase for R7 compared to that of neat 

PP-Co M710. After recompounding, further improvement occurs with about 6% 

increase for RR6 and 15% for RR7. Nevertheless, R4 and RR4 reveal the modulus 

reductions of 11% and 7%, respectively, and recompounding only slightly regains 

their  tensile  moduli.  On  the  other  hand,  PP-Hom Y130  based  nanocomposites  
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  (b) 
 
Fig. 4.1 Tensile properties of injection moulded samples in L9 DoE: (a) tensile 

modulus and (b) tensile strength at yield. 

25

28

30

33

35

38

40

PP-C
o M

71
0 

PP-H
om Y13

0

PP-H
om H38

0F R1 R2 R3 R4 R5 R6 R7 R8 R9
RR1

RR2
RR3

RR4
RR5

RR6
RR7

RR8
RR9

L9 DoE Material Type

Te
ns

ile
 S

tr
en

gt
h 

at
 Y

ie
ld

 (M
Pa

)

Neat PP Recompounded PPNCCompounded PPNC

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

PP-C
o M

71
0

PP-H
om Y130

PP-H
om H380

F R1 R2 R3 R4 R5 R6 R7 R8 R9
RR1

RR2
RR3

RR4
RR5

RR6
RR7

RR8
RR9

L9 DoE Material Type

 T
en

si
le

 M
od

ul
us

 (G
Pa

)

Neat PP Recompounded PPNCCompounded PPNC
Te

ns
ile

 M
od

ul
us

 (G
Pa

) 



Chapter 4                                    Material Formulations Using Design of Experiments  

 75

achieve the moderate increase by less than 15% (R1-R3) in the first direct 

compounding; recompounding also plays a favourable role in the enhancement of 

tensile moduli for RR1-RR3. In particular, RR1 demonstrates an increase up to 

24%. For PP-Hom H380F based nanocomposites, R5 and RR5 have 6% and 16% 

modulus increases, respectively. Higher tensile moduli are shown in R8 and R9 

with the respective enhancements by 22% and 27%. Meanwhile, the tensile moduli 

of RR8 and RR9 are significantly enhanced by 45% and 39% after recompounding. 

The tensile strengths for PP-Co M710 and PP-Hom Y130 based nanocomposites 

remain almost the same as those of neat PP in the first compounding, and are 

relatively better after recompounding except that tensile strengths of R4 and RR4 

are decreased slightly by 4%. More surprisingly, R7 shows 7% strength increase 

over neat PP-Co M710, but demonstrates a decrease of 5% after recompounding. It 

appears that the major increases of tensile strengths are most likely to happen in 

PP-Hom H380F based nanocomposites (R5, R8, R9 and RR5, RR8, RR9). Moreover, 

the increase trend is also well maintained after recompounding with the 

maximum increases of tensile strengths up to 12% for R9 and RR9.  

 

4.4.2 Flexural Properties 

     As for the flexural properties of PP-Co M710 based nanocomposites, both R4 

and RR4 show the decreases of flexural moduli by 3% and 6%, respectively, and 

marginal increases up to 8% for R6 and RR6. More promisingly, both R7 and RR7 

demonstrate the improvements of flexural moduli by 21% and 24%, respectively, 

very likely due to the addition of 10 wt% DK4 organoclay. For PP-Hom Y130 

based nanocomposites,  R1  and  R2  only  initially  accomplish  over  10%  increase  
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(b) 

 

Fig. 4.2 Flexural properties of injection moulded samples in L9 DoE: (a) flexural 

modulus and (b) flexural strength. 
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in the flexural modulus, and a better improvement occurs in RR1 after 

recompounding (~18% modulus increase). With the addition of 10 wt% DK2 

organoclay, R3 and RR3 again demonstrate 22% and 25% modulus enhancements 

in the first compounding and recompounding processes. For PP-Hom H380F 

based nanocomposites, R5 and RR5 show increases over 12% and 19%, but more 

remarkable enhancements happen in R8 (49%) and R9 (~46%) as well as RR8 

(~60%) and RR9 (45%) compared to the flexural modulus of PP-Hom H380F. It 

seems that  recompounding  has more  significant effects on the improvement of 

flexural modulus for PP-Hom H380F based nanocomposites with a higher clay 

content (~10wt%). With respect to the flexural strengths, PP-Co M710 based 

nanocomposites show poor results with reductions of 6% and 2% for both R4 and 

R7 and maintain a similar trend after recompounding in RR4 and RR7. Only R6 

presents a 5% strength increase in the first direct compounding, which 

unfortunately gets ruined in RR6. For PP-Hom Y130 based nanocomposites, 

marginal increase or no change of flexural strengths is shown in R1 and R2, and 

recompounding slightly improves the value up to 6% for RR1 while RR2 shows a 

reduction of 2%. For PP-Hom H380F based nanocomposites, similar increases up 

to 10% have been found for R5 and RR5, and more remarkable strength 

improvements over 20% take place for R8, R9 and RR8, RR9 in both first direct 

compounding and recompounding processes.  

 

4.4.3 Impact Properties 

     For the impact properties, PP-Co M710 based nanocomposites show the 

dramatic decreases of impact strengths over 60%. Further recompounding helps to 
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alleviate this declining trend, and especially the strength decrease for RR4 

becomes 20% compared to 33% for R4. The addition of organoclay does not greatly 

affect the impact strengths of PP-Hom Y130 based nanocomposites (R1-R3) in the 

first direct compounding. After recompounding, a strength increase of about 20% 

has been found for RR3 compared to 1% increase for R3. However, RR2 has the 

strength decrease of 10% which is more than that for R2 (5%). For PP-Hom H380F 

based nanocomposites, both R5 and RR5 show the impact strength reductions of 

7% and 18%, respectively, whereas R8 and RR8 give no change or a marginal 

decrease in impact strengths. More promisingly, RR9 leads to a more significant 

enhancement of the impact strength (34%) after recompounding in comparison to 

11% for R9. Due to the modified high impact characteristics of PP-Co M710 

(impact strength: ~200 J/m), its nanocomposites still demonstrate relatively high 

impact strengths despite an actual  decrease with  the  addition  of  organoclay. For  

 
 Fig. 4.3 Impact properties of injection moulded samples in L9 DoE. 
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two commonly used polypropylenes (PP-Hom Y130 and PP-Hom H380F), their 

impact strengths are much lower (about 20-30 J/m) than that of PP-Co M710. The 

addition of organoclay in these two PP homopolymers shows less severe adverse 

effects on the impact properties compared to what is observed for PP-Co M710.     

     In general, recompounding process could enhance the mechanical properties of 

nanocomposites, depending on the type of polymer. It appears that reprocessing 

nanocomposites in the twin screw extruder at a much lower screw speed (e.g. 100 

rpm) without altering the other processing conditions might contribute to a more 

uniform clay dispersion by extending the compounding residence time. 

Consequently, the determination of preferred combinations of factors in this L9 

DoE was solely based on the evaluation of mechanical testing data obtained from 

recompounded nanocomposites RR1-RR9. 

 

4.5 Evaluation of Significant Factors 

     Taguchi method suggests the analysis of S/N ratios with the conceptual 

approach which involves graphing the effects and visually identifying the 

significant factors. Moreover, preferred combinations of factors can be further 

determined based on Pareto ANOVA. S/N ratios are regarded as measures of 

effects of noise factors on the performance characteristics, which consider both the 

amount of variability in response data and the closeness of average response to 

target [115]. As mentioned earlier, the calculated S/N ratios were evaluated with 

the “larger-the-better” characteristics for maximising tensile, flexural and impact 

properties. Each of normalised response values was derived from five varied 

sample testing data of prepared nanocomposites.  
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(b) 
 
Fig. 4.4 Pareto ANOVA for enhancing the tensile properties of PP/clay 

nanocomposites: (a) tensile modulus and (b) tensile strength at yield. 
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(b) 
 
Fig. 4.5 Pareto ANOVA for enhancing the flexural properties of PP/clay 

nanocomposites: (a) flexural modulus and (b) flexural strength. 
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     The Pareto ANOVA technique was performed for each of mechanical 

parameters, and the related Pareto ANOVA diagrams are depicted in Figs. 4.4-4.6. 

As seen from Fig. 4.4(a), PP type (factor D) and clay content (factor B) have the 

most significant effects with the contribution percentages of 60% and 33%, 

respectively, whereas the effects of clay type (factor A) and MAPP content (factor 

C) are very trivial with the sum of the contribution percentages being less than 

10%. Therefore, it is inferred that PP type and clay content greatly influence the 

enhancement of tensile modulus according to the cumulative contribution 

percentage beyond 90%. A similar trend of Pareto ANOVA diagram to improve 

tensile strength is depicted in Fig. 4.4(b) despite the addition of clay type 

becoming the third significant factor. 

     For the flexural properties, the enhancements of both flexural modulus and 

strength again come from PP type and clay content. As observed in Pareto 

ANOVA diagrams in Figs. 4.5(a) and (b), PP contributes 53% and 77% while clay 

content contributes 43% and 21%, respectively. In comparison to clay content, PP 

type appears to be a more significant factor.  However, clay content has a stronger 

effect (contribution percentage: 43%) on flexural modulus than its effect on tensile 

modulus (contribution percentage: 33%). 

     On the other hand, the improvement of impact strength is influenced by PP 

type, MAPP content and clay type with the contribution percentages of 67%, 20% 

and 8%, respectively, Fig. 4.6. It is very evident that MAPP content, as the second 

significant factor, plays a more important role in the impact properties compared 

to tensile and flexural properties. 
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Fig. 4.6 Pareto ANOVA for enhancing the impact properties of PP/clay 

nanocomposites: impact strength. 

 

4.6 Determination of Preferred Formulations 
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response for the factorial effects. Hence, the sum of S/N ratio diagrams to enhance 

each of the mechanical properties of PP/clay nanocomposites are depicted in Figs. 

4.7-4.9. It is worth noting that this study focused solely on the maximisation of 

individual mechanical properties since the global property enhancement of 

nanocomposites would be difficult due to some contradictory effects. As a 

consequence, a good balance for nanocomposite formulations has to be 

maintained while increasing the tensile/flexural properties without greatly 

sacrificing the impact strength. 
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(b) 
 

Fig. 4.7 Sum of S/N ratio at different factorial level for enhancing the tensile 

properties of PP/clay nanocomposites: (a) tensile modulus and (b) tensile strength 

at yield. 
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Fig. 4.8 Sum of S/N ratio at different factorial level for enhancing the flexural 

properties of PP/clay nanocomposites: (a) flexural modulus and (b) flexural 

strength. 
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     As seen from Fig. 4.7(a), the best combination for the significant factors to get 

the highest value for the sum of S/N ratio is at level 3 of clay content (i.e. 10 wt% 

organoclay)  and  level  3  of  PP  type  (i.e. PP-Hom H380F). Thus, the preferred 

formulation for all factors becomes A3B3C3D3 with level 3 for both clay type (DK4 

organoclay) and MAPP content (20 wt% MAPP) as the two non-significant factors. 

To maximise the tensile strength, the corresponding best combination in Fig. 4.7(b) 

yields A3B2C2D3 (i.e. 5 wt% DK4 organoclay, PP-Hom H380F and 10 wt% MAPP). 

     Similarly, in order to enhance the flexural modulus and strength, the best 

combination are given by A3B3C3D3 (i.e. 10 wt% DK4 organoclay, PP-Hom H380F 

and 20 wt% MAPP) and A2B3C1D3 (i.e. 10 wt% DK2 organoclay, PP-Hom H380F 

and 5 wt% MAPP), respectively, as shown in Figs. 4.8(a) and (b). 

    

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9 Sum of S/N ratio at different factorial level for enhancing the impact 

properties of PP/clay nanocomposites: impact strength. 
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     In contrast, for the impact strength, the majority of calculated sums of S/N ratios 

at each factorial level appear to be negative values, as illustrated in Fig. 4.9. This 

result implies that the addition of organoclay in the presence of compatibiliser in 

PP matrices tends to deteriorate the impact properties, particularly for PP-Co 

M710 based nanocomposites. This is not surprising, considering the fact that 

MAPP can induce some material brittleness to nanocomposites [117]. Hence, the 

best combination to get the highest impact strength is A1B1C1D3 (i.e. 3 wt% DK1N 

organoclay, PP-Hom H380F and 5 wt% MAPP). The final preferred formulations 

for improving each of the mechanical properties are then summarised in Table 4.4, 

along with the respective compositions and estimates of error variance. 

Table 4.4 Summary of preferred formulations for improving the mechanical 

properties of PP/clay nanocomposites 

 

 

 

Larger- the-better 
L9 DoE Response  

(Normalised) 

Preferred 
Factorial Level 
Combination 

 
Composition  

(wt%) 

Estimate 
of Error 
Variance 

Tensile modulus A3B3C3D3 DK4/MAPP/H380F 
(10/20/70) 

0.35  
Tensile 

Properties 
Tensile strength A3B2C2D3 DK4/MAPP/H380F 

(5/10/85) 
0.04 

Flexural modulus A3B3C3D3 DK4/MAPP/H380F 
(10/20/70) 

0.31  
Flexural 

Properties 
Flexural Strength A2B3C1D3 DK2/MAPP/H380F 

(10/5/85) 
0.05 

Impact 
Properties 

Impact strength A1B1C1D3 DK1N/MAPP/H380F 
(3/5/92) 

9.70 
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4.7 Interpretation of Factorial Effects 

     Overall, PP type has been shown to have the most significant effect on the 

enhancement of mechanical properties of recompounded nanocomposites. 

Obviously, the selection of low molecular weight (LMW) PP-Hom H380F as the 

polymer matrix can achieve the best mechanical properties of corresponding 

nanocomposites while the improvement effects based on medium molecular 

weight (MMW) PP-Hom Y130 and high molecular weight (HMW) PP-Co M710 are 

not that remarkable. This finding is in contrast with the literature results of 

nylon6/clay nanocomposites where a better exfoliation was achieved by 

increasing the molecular weight of the polymer [38]. However, earlier work on the 

effect of matrix viscosities for PP/clay nanocomposites [118, 119] suggests the 

favourable use of low viscosity PP matrix, which is consistent with the DoE 

results. It is believed that the mechanism of clay dispersion in PP/clay 

nanocomposites could be more complicated due to the incompatibility effect. Figs. 

4.10(a)-(c) depict the TEM images on typical morphologies of 5 wt% filled PP/clay 

nanocomposites (RR6, RR1 and RR9). As expected, more uniform clay dispersion 

would take place in the low viscosity PP matrix with an effective intercalation and 

the best mechanical performance for PP-Hom H380F based nanocomposites. It 

seems that the level of uniform clay dispersion is worsened and a wide range of 

clay particle size containing nano/microstructures takes place with increasing the 

viscosity of the PP matrix. The relevant mechanism of effective intercalation is 

interpreted in Fig. 4.11. During the melt blending process, PP molecular chains are 

initially intercalated with clay platelets with the help of low molecular weight PP 

oligmers (e.g. MAPP), namely  “oligomer diffusion”. This early stage of intercalation 
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                               (b)                                                                       (c) 
 
Fig. 4.10 Typical TEM morphological structures of 5 wt% filled PP/clay 

nanocomposites: (a) RR6, (b) RR1 and (c) RR9. 

 

facilitates broadening the interlayer spacing. The short molecular chains of low 

viscosity PP-Hom H380F can easily penetrate into the clay interlayers compared to 

those of the other two polypropylenes under this study. Although using PP-Co 

M710 could increase the shear stress in melt blending, thus easily peeling 

individual clay platelets apart (i.e. “full exfoliation”), its long PP molecules with 

high viscosity characteristics appear to be detrimental to the early intercalation in 

500 nm

500 nm 500 nm
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oligmer diffusion, which might promote the phase separation and require more 

attractive interfacial interactions in order to penetrate the interlayers [118]. 

 

Fig. 4.11 Mechanism of effective intercalation for LMW and HMW PP based 

nanocomposites. 

 

     Furthermore, clay content has been found to be the second significant factor 

except for the impact properties. Increasing the clay content mainly improves the 

tensile and flexural moduli, Figs. 4.7(a) and 4.8(a), but adversely affects the impact 

strength due to the agglomeration of clay particles at high content levels, Fig. 4.9. 

According to TEM micrographs of PP-Hom H380F based nanocomposites (i.e. 

RR5, RR8 and RR9) shown in Fig. 4.12, the agglomeration of clay particles, as 

expected, tends to take place at high content levels (i.e. 10 wt% organoclay in RR8), 

which can easily cause the crack initiation around the large clay tactoids, further 
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resulting in decreasing the impact strength. On the contrary, this phenomenon can 

be greatly alleviated by more uniform clay dispersion in RR9 with 5 wt% 

organoclay. In addition, regardless of less significant effect of clay type, DK4 

organoclay might be still the best selection for enhancing both tensile and flexural 

properties. This is because DK4 organoclay has the greatest interlayer spacing 

(d001=3.56 nm) amongst all three types of organoclay, which allows a better 

movement of PP molecular chains. 

 

 

 

 

 

 

 

(a) 
 

(b)                                                                     (c) 

Fig. 4.12 Typical TEM micrographs of PP-Hom H380F based nanocomposites: (a) 

RR5, (b) RR9 and (c) RR8. 
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     Finally, MAPP content has been found as the other non-significant factor in 

improving both tensile and flexural properties. It appears that the addition of 

MAPP beyond 5 wt% does not greatly affect the mechanical properties of PP/clay 

nanocomposites. As previously mentioned in the literatures [99, 120], there is an 

optimum amount of MAPP that should be added in achieving the greatest 

compatibility effect. Beyond this threshold, the functionality of MAPP as the 

compatibiliser could be worsened. This claim is somewhat in contrast to other 

results [13] that the stiffness of PP nanocomposites continues to increase with the 

additional MAPP content up to over 20 wt%. Regarding this point, it is worth 

arguing that the selection of MAPP grades with different molecular weights [103] 

might explain these two contradictory findings. MAPP Exxelor™ PO 1020 used in 

this study has a very low molecular weight, which allows its highly mobilised 

short chains to interact actively with a great number of clay platelets in large clay 

surface areas during melt blending. This leads to the good clay dispersion, and can 

easily achieve the effective intercalation with low viscosity PP matrix. However, 

the large increase of clay interlayer spacing might be difficult to accomplish since 

the platelet distance could be constrained by the length of such MAPP short 

chains. It is believed that the interlayer expansion mainly results from the 

penetration of MAPP molecules between clay platelets [103]. Moreover, an 

excessive amount of such MAPP might also provide the negative matrix 

plasticisation effect which can soften some of nanocomposite materials. As a 

result, their mechanical properties do not show the persistent increasing trend 

with increasing the MAPP content, but more or less possess the insignificant 

enhancement above a certain saturation level of MAPP, which has been well 
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understood in the general polymer blending process when a part of compatibiliser 

loses its functionality and becomes the plasticiser only. Such plasticisation effect of 

MAPP competing with the positive effect of better clay dispersion might explain 

the consequence that MAPP content has little strong effect on the further 

improvement of tensile and flexural properties. The matrix plasticisation effect on 

mechanical properties of PP/clay nanocomposites will be thoroughly investigated 

on the preferred overall material formulations in Chapter 5.  For the impact 

properties, the effect of MAPP content is more worth noting as the second 

significant factor. The increase of MAPP content mostly has an adverse effect on 

impact strength, as mentioned earlier. However, the presence of MAPP is still very 

important for the strong interactions between clay particles and the PP matrix, 

thus leading to a better clay dispersion. In a word, it is suggested that the 

manufacturers and designers consider only a small amount of MAPP in 

nanocomposite compounding to reduce the total material cost as well.   

 

4.8 Post Processing on the Overall Formulations  

     The overall nanocomposite formulations are summarised in Table 4.5, which 

considered the critical issues arising from the previous DoE results including the 

effects of compounding methods, polymer viscosity, clay content, MAPP content 

and so on. As mentioned in Chapter 3, preliminary study focused on the PP-Co 

M710 based nanocomposite formulations: NC1-NC10 (weight ratio of DK2 

organoclay : MAPP, WR=1:1) using two-step masterbatch compounding method. 

In comparison, PP-Hom H380F based nanocomposite formulations in direct 

compounding process were also of greater concern due to their significant 
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property enhancement detected in this DoE work. In direct compounding process, 

Opt1-4 (weight ratio of DK4 organoclay: MAPP, WR=1:2) are mathematically well-

balanced formulations on the basis of preferred combination of factors in Table 4. 4 

while PPNC3-10 (fixed MAPP content: 6 wt%) were determined, from the 

economic point of view, to reduce the MAPP material  cost  as  well  as  to consider  

the  effect  of clay content. Finally, the effect of MAPP content on the mechanical 

properties owing to the matrix plasticisation was also taken into account with the 

formulated nanocomposites of MAPP0-20 (fixed clay content: 5 wt%). The overall 

formulations were subjected to the similar processing condition described in 

Chapter 3. 

 
Table 4.5 Overall formulations of PP/clay nanocomposites 

 

 

 

Compounding 
Method 

Nanocomposite Formulations (wt%) 

NC1 NC3 NC5 NC10 Two-Step 
Masterbatch 

Compounding 
DK2/MAPP/M710 

(1/1/98) 
DK2/MAPP/M710 

(3/3/94) 
DK2/MAPP/M710 

(5/5/90) 
DK2/MAPP/M710 

(10/10/80) 

Opt1 Opt2 Opt3 Opt4 

DK4/MAPP/H380F 
(3/6/91) 

DK4/MAPP/H380F 
(5/10/85) 

DK4/MAPP/H380F 
(8/16/76) 

DK4/MAPP/H380F 
(10/20/70) 

PPNC3 PPNC5 PPNC8 PPNC10 

Opt1 DK4/MAPP/H380F 
(5/6/89) 

DK4/MAPP/H380F 
(8/6/86) 

DK4/MAPP/H380F 
(10/6/84) 

MAPP0 MAPP3 MAPP6 MAPP10 MAPP20 

 
 
 
 

Direct 
Compounding 

DK4/MAPP/H380F 
(5/0/95) 

DK4/MAPP/H380F 
(5/3/92) 

PPNC5 Opt2 DK4/MAPP/H380F 
(5/20/75) 
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_____________________________ 
Chapter 5                         

                                      Experimental 
Characterisation  

_____________________________ 
  
“I hope our wisdom will grow with our power, and teach us, that the less we use our power 

the greater it will be.” 

 
Thomas Jefferson 

 
5.1 Determination of Intercalation Effect 

     The level of intercalation for clay particles can be directly detected by using 

XRD analysis with the major feature of interlayer spacing limited to less than 10 

nm in this intensity-proportional characterisation. In general, the peak location 

related to the interlayer spacing determines the level of intercalation while the 

peak intensity or area can indicate the size of clay tactoids and sometimes the level 

of exfoliation as long as the TEM analysis is also performed as a supplementary 

technique [121]. 

     Fig. 5.1 exhibits the XRD patterns of DK2 organoclay, DK2/MAPP masterbatch 

and corresponding PP-Co M710 based nanocomposites (WR=1:1) using two-step 

masterbatch compounding. The calculated interlayer spacing (d001) values are 

listed in Table 5.1. Apparently, the first reflection peaks of masterbatch and 

nanocomposites are all shifted to the lower diffraction angles with respect to that 

of DK2 organoclay, indicating the prevalent intercalation effect. First weak peaks 

in NC1 and NC3 suggest a certain level of exfoliation structure,  
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Fig. 5.1 XRD patterns of DK2 organoclay, DK2/MAPP masterbatch and 

corresponding PP-Co M710 based nanocomposites (weight ratio of DK2 

organoclay: MAPP, WR=1:1). 

 

 

  

 Table 5.1 XRD features of processed material samples using two-step masterbatch 

compounding  

Material  
Type 

2θ 
(1st Peak) 

d001 (nm) 
(1st  Peak) 

2θ 
(2nd Peak) 

d001 (nm) 
(2nd Peak) 

DK2 Organoclay 3.92° 2.25 N/A N/A 

DK2/MAPP 
Masterbatch 3.81° 2.31 4.85° 1.82 

NC1 N/A N/A 5.06° 1.75 

NC3 3.38° 2.61 5.12° 1.72 

NC5 3.51° 2.52 5.13° 1.72 

NC10 3.66° 2.41 5.02° 1.76 
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which might be investigated by the further TEM analysis. Nevertheless, a dramatic 

enhancement of peak intensity with the increase of clay content from 1 wt% to 10 

wt% could inevitably lead to clay tactoids at the higher content level. In addition, 

the secondary reflection at higher diffraction angles occurs in all the compounded 

nanocomposites despite a much weaker second peak in DK2/MAPP masterbatch, 

which can be explained by the surfactant degradation, resulting from 6 wt% of 

polyethylene (PE) component in the PP copolymer matrix. The surfactant 

degradation of organoclay is quite prevalent in PE/clay nanocomposites especially 

when the melt processing temperature is increased from 180°C to 200°C or higher 

[122], similar to the melt temperature profile used in this study. Accordingly, the 

significant portion of surfactant loss could make clay interlayers collapse, shown 

as the decrease of interlayer spacing for the second peaks in Table 5.1. More 

interestingly, interlayer spacing values of second peaks for such nanocomposites 

are in the range of 1.72-1.76 nm, and their peak positions do not change 

significantly with the clay content. Hence, it is quite convincing that the extent of 

surfactant degradation is essentially independent of the clay content, also 

consistent with the previous work [122]. The obscure second peak of the 

masterbatch gives a higher interlayer spacing value of 1.82 nm, signifying less 

severe surfactant degradation effect in the absence of PE component in MAPP. 

     On the other hand, XRD analysis was also performed to investigate the 

intercalation effect of PP-Hom H380F based nanocomposites with the addition of 

DK4 organoclay. In the first material formulation, XRD patterns of DK4 

organoclay and nanocomposites (weight ratio of DK4 organoclay and MAPP, 

WR=1:2)   are   depicted  in  Fig. 5.2.  The  interlayer  spacing  values  are   reported 
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Fig. 5.2 XRD patterns of DK4 organoclay and corresponding PP-Hom H380F based 

nanocomposites (weight ratio of DK4 organoclay and MAPP, WR=1:2). 

 
 
 

Table 5.2 XRD features of DK4 organoclay and corresponding PP-Hom H380F 

based nanocomposites (weight ratio: WR=1:2) 

 

 
      

Material  
Type 

2θ 
(1st Peak) 

d001 [nm] 
(1st Peak) 

2θ 
(2nd Peak) 

d001 (nm) 
(2nd Peak) 

2θ 
(3rd Peak) 

d001 (nm) 
(3rd Peak) 

DK4 
Organoclay 2.48° 3.56 4.88° 1.81 7.36° 1.20 

Opt1 2.37° 3.73 4.64° 1.90 7.04° 1.25 

Opt2 2.39° 3.70 4.69° 1.88 7.06° 1.25 

Opt3 2.40° 3.68 4.78° 1.85 7.18° 1.23 

Opt4 2.44° 3.62 4.78° 1.85 7.26° 1.22 
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in Table 5.2. Evidently, DK4 organoclay has three distinct reflection peaks at 2.48°, 

4.88° and 7.36°, corresponding to the interlayer spacings of 3.56 nm, 1.81 nm and 

1.20 nm, respectively. The first peaks are gradually shifted to low diffraction 

angles with the decrease of clay content, and the interlayer spacings are reported 

to be increased from 3.62 nm (Opt4) to 3.73 nm (Opt1) compared to 3.56 nm for 

DK4 organoclay. This phenomenon again indicates the intercalation effect of DK4 

organoclay within PP-Hom H380F matrix, the level of which is not as significant 

as that in PP-Co M710 based nanocomposites, shown in Table. 5.1. As explained in 

Chapter 4, the main reason can be attributed to the limitation of short molecular 

chains of LMW MAPP for a further interlayer expansion when penetrated into 

clay platelets. Moreover, the intensities of first peaks are gradually enhanced with 

the increase of clay content, also indicating that large clay tactoids still exist in 

nanocomposites at a higher clay content level. A similar trend is demonstrated in 

the second and third reflection peaks in spite of the peak broadening with 

decreasing the clay content, which indicates that some of the clay tactoids are 

separated into much thinner stacks of layered structures of clay platelets possibly 

with some sign of exfoliation. 

     When the MAPP content is fixed at 6 wt% for the second formulation, the first 

reflection peaks of PPNC3 and PPNC5 still tend to be shifted to the lower angles 

with the formation of intercalation, but the interlayer spacings are decreased from 

3.73 nm to 3.58 nm, as presented in Fig. 5.3 and Table. 5.3. Unfortunately, beyond 

the clay content of 5 wt%, the threshold effect of interlayer spacing takes place 

with the peak shifting to the higher angles in PPNC8 and PPNC10, which suggests 

the slight clay collapse during  the melt compounding, leading to the reductions of   
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Fig. 5.3 XRD patterns of DK4 organoclay and corresponding PP-Hom H380F based 

nanocomposites (fixed MAPP content: 6 wt%). 
 
 
 
Table 5.3 XRD features of DK4 organoclay and corresponding PP-Hom H380F 

based nanocomposites (fixed MAPP content: 6 wt%) 

 

 

 

Material  
Type 

2θ 
(1st Peak) 

d001 [nm] 
(1st Peak) 

2θ 
(2nd Peak) 

d001 [nm] 
(2nd Peak) 

2θ 
(3rd Peak) 

d001 [nm] 
(3rd Peak) 

DK4 
Organoclay 2.48° 3.56 4.88° 1.81 7.36° 1.20 

PPNC3 2.37° 3.73 4.64° 1.90 7.04° 1.25 

PPNC5 2.46° 3.58 4.83° 1.83 7.23° 1.22 

PPNC8 2.50° 3.53 4.87° 1.81 7.30° 1.21 

PPNC10 2.52° 3.50 4.89° 1.81 7.32° 1.21 
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interlayer spacings to 3.53 nm and 3.50 nm, respectively. From the material 

processing point of view, the decrease of interlayer spacing can result from the 

compaction of clay particles in the twin screw extrusion especially when handling 

the higher clay content with the possibility of clay agglomeration. In addition, the 

low thermal stability of clay intercalated structure may also be responsible for 

such interlayer spacing reduction. Since melt compounding has been conducted at 

relatively high temperatures above 180°C, interlayer surfaces of DK4 organoclay 

manifests less organophilic characteristics in view of thermodynamic interaction. 

This is due to the release of organic molecules by the thermal decomposition of 

organic/inorganic surfactants like thermal desorption of organic ion and thermal 

decomposition of organic molecule itself [123]. More remarkably, the intensities of 

first peaks for PPNC5, PPNC8 and PPNC10 become much lower than those for the 

corresponding Opt2, Opt3 and Opt4 with the same clay contents. This implies that 

more disordered and random-oriented clay dispersion might be achieved by 

breaking up clay tactoids into clay platelets with micro/nanostructures in PP-Hom 

H380F based nanocomposites (MAPP content: 6 wt%). Peak broadening 

phenomenon also occurs in the second and third reflection peaks even though the 

interlayer spacings of PPNC8 and PPNC10 are very comparable to that of DK4 

organoclay. 
     With respect to the third formulated PP-Hom H380F based nanocomposites 

(fixed clay content: 5 wt%), the effect of MAPP content in XRD analysis was 

investigated for the intercalation level, as illustrated in Fig. 5.4 and Table 5.4. 

Without the presence of MAPP, the first peak of MAPP0 is shifted to the higher 

diffraction  angle compared to  that of  DK4 organoclay (d001=3.56 nm), resulting in  
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Fig. 5.4 XRD patterns of DK4 organoclay and corresponding PP-Hom H380F based 

nanocomposites (fixed clay content: 5 wt%). 
 
 
 
Table 5.4 XRD features of DK4 organoclay and corresponding PP-Hom H380F 

based nanocomposites (fixed clay content: 5 wt%) 

Material  
Type 

2θ 
(1st Peak) 

d001 [nm] 
(1st Peak) 

2θ 
(2nd Peak) 

d001 [nm] 
(2nd Peak) 

2θ 
(3rd Peak) 

d001 [nm] 
(3rd Peak) 

DK4 
Organoclay 2.48° 3.56 4.88° 1.81 7.36° 1.20 

MAPP0 2.51° 3.52 4.90° 1.80 7.28° 1.21 

MAPP3 2.53° 3.49 4.88° 1.81 7.36° 1.20 

MAPP6 2.46° 3.58 4.83° 1.83 7.23° 1.22 

MAPP10 2.39° 3.70 4.69° 1.88 7.06° 1.25 

MAPP20 2.44° 3.62 4.83° 1.83 7.38° 1.20 
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the decrease of interlayer spacing to 3.52 nm. Such phenomenon is greatly 

diminished when MAPP is used beyond 6 wt%, which demonstrates that the 

compatibiliser, also with the threshold effect, plays an important role in the 

effective intercalation. To a great extent, the presence of MAPP alleviates the clay 

collapse structure and surfactant degradation owing to the thermal decomposition 

as previously noted. In particular, MAPP10 achieves the highest interlayer spacing 

of 3.70 nm for the first peak, as compared to 3.62 nm for MAPP20. This result also 

confirms that the excessive amount of LMW MAPP might not further promote the 

interlayer expansion during the intercalation, which has been well explained in 

Chapter 4 according to the effective intercalation mechanism. The second and 

third peaks of MAPP10 show the peak shifting to the lower angles with the 

corresponding larger interlayer spacings of 1.88 nm and 1.25 nm as opposed to 

1.81 nm and 1.20 nm for DK4 organoclay, respectively. However, a very minor 

change has been observed for the remaining nanocomposites, which is the case for 

MAPP0, MAPP3, MAPP6 and MAPP20. 

     The peak width and intensity observed in XRD patterns do not suffice to 

accurately quantify the particle size and thickness of clay platelets due to their 

high sensitivities to the sample preparation, orientation and processing conditions 

[124, 125]. Since XRD analysis can mainly detect the interlayer spacing of well-

ordered stacks of layered structure of clay platelets, a supplementary technique 

like TEM analysis is essential to compensate for the observations of 

delaminated/exfoliated and highly heterogeneous intercalated structures. 

Consequently, despite the clay collapse structure in the second and third 

formulated PP-Hom H380F based nanocomposites, it is still at an early stage to 
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infer that the clay dispersion and material properties of such nanocomposites are 

completely detrimental due to the more complex morphological structures to be 

further determined by TEM. 

 

5.2 SEM Microstructural Analysis 

     SEM analysis enables the investigation of the fracture surface morphology of 

nanocomposites at a microscopic level in association with the level of clay 

dispersion. Furthermore, from the conventional composites point of view, the 

critical factor of the interfacial bonding between nanofillers and the polymer 

matrix is also of great concern which can substantially influence the mechanical 

properties of nanocomposites such as the tensile and flexural strengths. 

     Initially, the fracture surfaces of PP-Co M710 based nanocomposites (WR=1:1) 

were evaluated using SEM technique. Figure 5.5(a) displays the micrograph of 

DK2 organoclay at low magnification 1000×, which indicates a wide range of clay 

particle sizes from 5 µm to 50 µm. A certain degree of clay agglomeration with 

large tactoids occurs as due to its hydrophilic nature, it quickly absorbs moisture 

when exposed to the air. Apparently, clay particles demonstrate irregular disk-like 

platelet geometry with the stacks of layered structure, easily peeled apart under 

the high shearing stress. As for DK2/MAPP masterbatch, the phenomenon of 

breaking up clay particles into platelets at a sub-micro/nano level looks very 

distinct, Fig. 5.5(b). However, coexistent large clay tactoids are still visible, which 

implies the importance of further clay dispersion in the PP dilution step. Figs. 

5.5(c)-(f) show the SEM micrographs at high magnification 10000x at various clay 

contents  from  1 wt% to 10 wt% after cryo-fracturing in the longitudinal direction.  
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Fig. 5.5 SEM micrographs of DK2 organoclay, DK2/MAPP masterbatch and PP-Co 

M710 based nanocomposites (WR=1:1): (a) DK2 organoclay particles, (b) 

DK2/MAPP masterbatch (50 wt%/50 wt%) powders, (c) NC1, (d) NC3, (e) NC5 

and (f) NC10. The arrows indicate the clay tactoids. 
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Even at 1 wt%, certain clay tactoids (>1 µm) together with 300-500 nm clay 

platelets are able to be easily detected, Fig. 5.5(c). This non-homogeneous clay 

dispersion may be attributed to the initial uneven pulse feeding at a very low feed 

rate. Pellet screw feeders used in this study show the drawback that they are 

unable to continuously feed the masterbatch pellets with such a precise 

formulation of  DK2/MAPP (1 wt%/1 wt%), as a result of the slow-down or pause 

for the feeder speed and extension of feeding intervals. More uniform dispersion 

of clay platelets takes place in 3 wt% and 5 wt% filled nanocomposites with the 

lateral dimension of less than 500 nm for the majority of clay particles, Figs. 5.5(d) 

and (e). With 10 wt% organoclay inclusions, clay tactoids seem to aggregate to a 

great extent in the localised regions, and the overall dispersion is still reasonably 

uniform, Fig. 5.5(f). 

     In contrast, SEM micrographs of PP-Hom H380F based nanocomposites with 

three different formulations were also analysed, Figs. 5.6-5.8.  As observed in Fig. 

5.6(a), original DK4 organoclay shows much smaller particle sizes of less than 30 

µm with a higher interlayer spacing (d001=3.56 nm), which allows them to be less 

aggregated and not as hydrophilic as DK2 organoclay. Considering the fracture 

surfaces of PP-H380F based nanocomposites (WR=1:2), a good clay dispersion 

with localised clay tactoids in size of less than 2 µm has been observed, 

particularly for Opt1 and Opt2 with the clay contents of less than 5 wt%, Figs. 

5.6(b) and (c). With increasing the clay content up to 8-10 wt%, the great extent of 

clay agglomeration does not seem to be evident as expected, Figs. 5.6(d) and (e). 

This observation can be attributed to the dual effects of compatibiliser MAPP and 

large  interlayer  spacing  of DK4  organoclay. Much  weaker  van der Waals forces  
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Fig. 5.6 SEM micrographs of DK4 organoclay and PP-Hom H380F based 

nanocomposites (WR=1:2): (a) DK4 organoclay particles, (b) Opt1 (PPNC3), (c) 

Opt2 (MAPP10), (d) Opt3 and (e) Opt4. The arrows indicate the clay tactoids. 
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due to the large interlayer spacing can promote the separation of clay tactoids as 

long as a sufficient amount of MAPP is incorporated in the clay interlayers to 

achieve the good compatibility. As a result, the majority of large DK4 organoclay 

particles are broken up into clay platelets around 500 nm to 1 µm in size. 
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(b)                                                                    (c) 

 
Fig. 5.7 SEM micrographs of PP-Hom H380F based nanocomposites (fixed MAPP 

content: 6 wt%): (a) PPNC5 (MAPP6), (b) PPNC8 and (c) PPNC10. The arrows and 

circles indicate the clay tactoids. 

 

     On the other hand, the MAPP content is fixed at 6 wt% to understand the effect 

of clay content on the fracture morphology of PP-Hom H380F based 

nanocmposites. As seen from Figs. 5.6(b) and 5.7(a), PPNC3 and PPNC5 again 
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demonstrate the similar uniform clay dispersion, benefiting from the small 

amount of clay inclusions though visible clay tactoids still coexist locally. On the 

contrary, when the clay content reaches a higher level at 8 wt% or 10 wt%, large 

clay tactoids around 2-3 µm are evidently displayed, mixed with already 

separated clay platelets (300-500 nm in lateral dimensions), Figs. 5.7(b) and (c). 

Despite the difficulty in quantifying the extent of such clay tactoids, it is quite 

convincing that they play a very dominant role in the fracture morphology of 

nanocomposites, and cannot be considered only as the localised clay 

agglomeration. This phenomenon might be explained by the poor compatibility 

due to the lack of MAPP content to enhance the clay separation or delamination as 

opposed to the higher amount of organclay in PPNC8 and PPNC10. More 

interestingly, a great number of cavity-like voids also appear on the fracture 

surfaces of PPNC8 and PPNC10, originally embedded with clay tactoids/platelets 

before cryo-fracturing. Those voids were produced very likely due to the similar 

debonding effect in the conventional fibre composites. It also confirms the poor 

interfacial adhesion, especially between clay tactoids and the PP matrix. 

Consequently, it highlights the importance of sufficient MAPP content to allow for 

better interfacial interactions, which can be well addressed for the third 

formulated PP-Hom H380F based nanocomposites. 

     Final clay content is fixed at 5 wt% to evaluate the effect of MAPP content on 

the third formulation of PP-Hom H380F based nanocomposites. Without the 

compatibiliser MAPP, the micrograph of MAPP0 indicates that the PP matrix is 

surrounded mostly with uncompatibilised large clay tactoids of around 2-3 µm 

except for a reasonable clay dispersion, Fig. 5.8(a). Clearly, the interfacial areas 
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either present partially embedding effect with small gaps between clay particles 

and the PP matrix or completely become aforementioned cavity-like voids, which 

signifies very weak interfacial interactions in the absence of MAPP. With the 

increase of MAPP content, the clay particle size is significantly reduced, and clay 

tactoids are separated into much thinner clay platelets with a greatly improved 

interfacial adhesion, as is the case for MAPP3, MAPP6, MAPP10 and MAPP20, 

shown in Figs. 5.8(b), 5.7(a), 5.6(c) and 5.8(c), respectively. In particular, the higher 

the MAPP content is, the finer clay dispersion and smaller clay particle size are 

shown in the typical micrographs of MAPP3 and MAPP20, Fig. 5.8(b) and (c). 

 
 
 
 
 
 
 
                             

(a) 

                      (b)                                                                    (c) 
 
Fig. 5.8 SEM micrographs of PP-Hom H380F based nanocomposites (fixed clay 

content: 5 wt%): (a) MAPP0, (b) MAPP3 and (c) MAPP20. 
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     In summary, SEM analysis, to a certain extent, detects the mixed 

micro/nanostructures ranging from aggregated clay tactoids to separated clay 

platelets in all formulated PP/clay nanocomposites. In addition, nanocomposite 

compounding methods and formulations also reflect the different levels of clay 

dispersion and interfacial interactions in the fracture morphology.  

 

5. 3 TEM Morphological Characterisation  

     The complex morphological structures of PP/clay nanocomposites depend on 

the TEM technique thoroughly investigating the level of clay dispersion and the 

compatibilising effect of MAPP, which can greatly affect the mechanical properties 

of nanocomposites. 

     The TEM micrographs of PP-Co M710 based nanocomposites (WR=1:1) with 

various clay contents between 1 wt% and 10wt% are demonstrated at low 

magnification 8800×, Fig. 5.9. Evidently, NC1, NC3 and NC5 show homogeneous 

dispersions of clay platelets in the PP matrix, as seen in Figs. 5.9(a)-(c). However, 

clay agglomeration with large tactoids in the lateral dimension of over 2 µm has 

been detected in NC10, Fig. 5.9(d). Those tactoids are surrounded with reasonably 

dispersed clay platelets, resulting in an “island-like” morphological structure. In 

order to evaluate the intercalated or exfoliated structure, similar TEM micrographs 

at high magnification 110000× are also displayed in Fig. 5.10. Delamination of 

individual clay platelets takes place in NC1 and NC3, both of which still contain 

the intercalated nanocomposite structures, depicted in Figs. 5.10(a) and (b). The 

observed single platelets reveal the lateral dimension of about 100-200 nm and the 

thickness  of  approximately 1 nm,  which  leads to the localised exfoliation in NC1  
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Fig. 5.9 TEM micrographs of PP-Co M710 based nanocomposites (WR=1:1) at 

8800× magnification: (a) NC1, (b) NC3, (c) NC5 and (d) NC10. 

 

and NC3. On the other hand, Figs. 5.10(c) and (d) indicate quite prevalent 

intercalated structures in NC5 and NC10. Moreover, the micrograph of NC5 

visually demonstrates much larger interlayer galleries in the intercalated clay 

platelets compared to those in NC10, which is also quantitatively confirmed by 

interlayer spacing values of 2.52 and 2.41 nm for NC5 and NC10, respectively. 

Therefore, TEM analysis provides complementary results for XRD and SEM 

analyses to validate the remarkable intercalated structure in such nanocomposites.  

(a) (b) 

(c) (d) 
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Fig. 5.10 TEM micrographs of PP-Co M710 based nanocomposites (WR=1:1) at 

110000× magnification: (a) NC1, (b) NC3, (c) NC5 and (d) NC10. 

 

     In comparison, the TEM micrographs of PP-Hom H380F based nanocomposites 

(WR=1:2) are demonstrated at the low and high magnifications (15000× and 

88000×) in Figs. 5.11 and 5.12, respectively. Overall, a much better clay dispersion 

can be seen especially at low clay contents of 3 wt% and 5 wt%. In addition, a 

similar mixed morphological structure with the combination of intercalated stacks 

and  exfoliated  platelets  are  very  manifested.   However,  the clay particles in the  

(a) (b) 

(c) (d) 
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Fig. 5.11 TEM micrographs of PP-Hom H380F based nanocomposites (WR=1:2) at 

15000× magnification: (a) Opt1, (b) Opt2, (c) Opt3 and (d) Opt4. 

 

lateral dimension of 200-500 nm appear as skewed and curved structures with the 

random orientation, which could result from the core effect of prepared injection 

moulded nanocomposite samples. At the higher clay content between 8 wt% and 

10 wt%, apart from some extent of typical clay tactoids, the clay dispersion has 

been found to be greatly improved, and becomes relatively uniform as opposed to 

the “island-like” clay tactoid structure in the corresponding PP-Co M710 based 

(a) (b) 

(c) (d) 
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nanocomposites (i.e. NC10). Owing to the compatibiliser role of MAPP, the 

agglomeration size of clay particles is apparently reduced at a high clay content. 

Furthermore, the large interlayer spacing of DK4 organoclay and the low viscosity 

PP-Hom H380 also facilitate the separation of clay tactoids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.12 TEM micrographs of PP-Hom H380F based nanocomposites (WR=1:2) at 

88000× magnification: (a) Opt1, (b) Opt2, (c) Opt3 and (d) Opt4. 

 

     As for the PP-Hom H380F based nanocomposites (fixed MAPP content: 6 wt%), 

typical TEM micrographs in Figs. 5.13 and 5.14 show that uniform clay dispersion 

with partial intercalation and exfoliation formation can still be achieved below the 

(a) (b) 

(c) (d) 
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Fig. 5.13 TEM micrographs of PP-Hom H380F based nanocomposites (fixed MAPP 

content: 6 wt%) at 15000× magnification: (a) PPNC3 (Opt1), (b) PPNC5, (c) PPNC8 

and (d) PPNC10. 

 

the clay content of 5 wt% while an increasing number of intercalated stacks of clay 

particles inevitably become much thicker with the existence of more clay 

aggregates beyond 1 µm at higher contents of 8 wt% and 10 wt%. More 

importantly, for the morphological structures, a wide range of clay dispersion 

level takes place from almost exfoliated (2-3 platelet thick), highly intercalated 

(>10 nm) particles to the large tactoids as opposed to the prevalent intercalation 

(a) (b) 

(d) (c) 
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structure with less particle size variation in PP-Hom H380F based nanocomposites 

(WR=1:2). This TEM observation confirms that instead of intercalation, the 

collapse structure of clay platelets due to the decrease of interlayer spacing values 

in Table 5.3 might be partially affected by unhomogenised clay particles consisting 

of large tactoids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 5.14 TEM micrographs of PP-Hom H380F based nanocomposites (fixed MAPP 

content: 6 wt%) at 88000× magnification: (a) PPNC3 (Opt1), (b) PPNC5, (c) PPNC8 

and (d) PPNC10. 

 

(a) 

(d) 

(b) 

(c) 
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Fig. 5.15 TEM micrographs of PP-Hom H380F based nanocomposites (fixed clay 

content: 5 wt%) at 15000× magnification: (a) MAPP0, (b) MAPP3, (c) MAPP6 

(PPNC5), (d) MAPP10 (Opt2) and (e) MAPP20. 

(a) (b) 

(c) (d) 

(e) 



Chapter 5                                                                          Experimental Characterisation 

 119

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 5.16 TEM micrographs of PP-Hom H380F based nanocomposites (fixed clay 

content: 5 wt%) at 88000× magnification: (a) MAPP0, (b) MAPP3, (c) MAPP6 

(PPNC5), (d) MAPP10 (Opt2) and (e) MAPP20. 

(a) (b) 

(c) (d) 

(e) 
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     In order to further understand the effect of MAPP content on the clay 

dispersion level, the TEM micrographs of PP-Hom H380F based nanocomposites 

with  the  fixed  clay  content  of  5 wt%  are  presented  in   Figs. 5.15 and 5.16. 

When the nanocomposite formulation contains no MAPP, typical clay tactoids at a 

microscale level (>2 µm) have been widely observed. Nevertheless, some mixed 

intercalated clay platelets are still visible, which lies in the physical shearing 

mechanism in twin screw extrusion process. In the presence of MAPP, the sizes of 

clay tactoids are significantly reduced, and multiple intercalated clay platelets, 

along with some individual exfoliated platelets, are formed instead. As expected, 

the degree of dispersion and the exfoliation level are enhanced with increasing the 

MAPP content. However, when the MAPP content is beyond 6 wt%, the 

morphological structures indicate the clay dispersion level has not been 

considerably enhanced though the higher MAPP content of 20 wt% provides 

slightly better dispersion. This finding implies that an optimal amount of MAPP 

might be achieved at the saturation level, and beyond that, MAPP could not 

further enhance much the compatibility between clay particles and the PP matrix, 

but acts as a part of the PP matrix to soften overall nanocomposites. Such effect on 

the mechanical properties of nanocomposites will be discussed in the next section. 

 

5. 4 Mechanical Properties 

     Mechanical properties such as tensile, flexural and impact properties reflect the 

macroscopic behaviour of nanocomposites in relation to the clay dispersion and 

interfacial adhesion under different physical testing mechanisms. Fig. 5.17 gives 

the   mechanical  properties  of  PP-Co M710  based   nanocomposites  (WR=1:1)  at  
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Fig. 5.17 Mechanical properties of PP-Co M710 based nanocomposites (WR=1:1): 

(a) tensile modulus and strength at yield, (b) flexural modulus and strength and 

(c) impact strength. 
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various clay contents from 1 wt% to 10 wt%. As observed in Figs. 5.17 (a) and (b), 

both tensile and flexural moduli are moderately enhanced with increasing the clay 

content. The tensile modulus is increased by 13% with the clay content beyond 5 

wt%, and the flexural modulus is improved by over 10% with more than 3 wt% 

organoclay. More remarkably, the flexural modulus of 10 wt% filled 

nanocomposites achieves the highest level of 24% increase. In addition, only minor 

changes take place in tensile and flexural strengths irrespective of the clay content, 

in good agreement with the previous findings [13, 18, 126, 127]. It is partially due 

to the lack of good interfacial adhesion between non-polar PP/PE and layer 

silicates. Both tensile and flexural properties of nanocomposites are believed to be 

influenced by two associated factors, namely the degree of clay dispersion (i.e. the 

level of intercalation or exfoliation) as well as the interfacial interactions between 

clay and the PP matrix [120]. At a lower clay content below 5 wt%, despite the 

achieved uniform clay dispersion, interfacial bonding appears to be quite weak 

with some visible “pin-hole” type voids, embedded with the original clay 

platelets, Figs. 5. 5(d) and (e). This drawback might be overcome to some extent by 

increasing the amount of MAPP, incorporated with MA functional groups to allow 

more efficient stress transfer from the PP matrix to clay particles, resulting in a 

higher increase in the tensile/flexural strength. On the other hand, clay tactoids in 

10 wt% filled nanocomposites become more dominant, which inevitably diminish 

the intercalated/exfoliated structures. As a result, good clay dispersion and 

interfacial interactions must work together for the property enhancement that has 

not been completely achieved in such nanocomposites. The reason for such less 

significant modulus enhancement could also lie in the viscosity of PP matrix. The 
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selection of HMW PP copolymer LG Hi-Prene M710 is believed to initially 

generate a high shearing mechanism, resulting in exfoliated structures [38]. 

However, the study of design of experiments (DoE) in Chapter 4 shows that low 

molecular weight PP matrix leads to a much greater modulus enhancement due to 

its short molecular chains, easily penetrating into the clay interlayers at the early 

intercalation stage. It is worth arguing that the high shearing stress might not be 

the only important factor to improve the clay dispersion but the matrix viscosity 

should also be considered in achieving an effective intercalation. More 

surprisingly, the impact strength is drastically reduced by 55% with increasing the 

clay content up to 10 wt%. In general, the addition of clay particles promotes the 

brittleness characteristics of nanocomposites as opposed to the ductility of neat PP. 

Moreover, a higher filler content could deteriorate the good dispersion of clay 

particles and inevitably form the particle aggregates that would easily cause stress 

concentrations in the neighbouring matrix, thus initiating the crack growth. An 

increase in the MAPP content, which makes the composites brittle, has also been 

shown to be detrimental to the impact strength [117]. Furthermore, it is well-

known among the composites designers that the interfacial weakness is often 

better for absorbing the impact energy and improving the toughness. Hence, 

optimal amounts of clay and MAPP are crucial for achieving a well-balanced 

improvement in mechanical properties of PP/clay nanocomposites. 

     In contrast, mechanical properties of PP-Hom H380F based nanocomposites 

with the first and second formulations (WR=1:2 and fixed MAPP content 6 wt%, 

respectively) are illustrated in Fig. 5.18. In the first formulation, tensile and 

flexural  moduli  are  significantly improved with  increasing  the  clay  content,  as   
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Fig. 5.18 Mechanical properties of PP-Hom H380F based nancomposites (WR=1:2 

and fixed MAPP content: 6 wt%): (a) tensile modulus, (b) tensile strength at yield, 

(c) flexural modulus, (d) flexural strength and (e) impact strength. 
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compared to those of neat PP-Hom H380F, Figs. 5.18(a) and (c). With 10 wt% DK4 

organoclay, the maximum enhancements of tensile and flexural moduli reach 41% 

and 61%, respectively. More interestingly, there is a sharp increasing tendency in 

flexural modulus for a very low clay content of less than 3 wt%, followed by a 

much slower increase between 3 wt% and 5 wt%, and then more steady increase 

beyond 5 wt%, whereas the trend of tensile modulus appears in a relatively 

monotonic increasing manner. The tensile and flexural strengths are also increased 

by maximum 16% and 22%, respectively. Remarkable strength increasing trends 

are also very consistent for clay contents less than 3 wt%, but beyond this 

threshold, they more or less level off regardless of the clay content. Such different 

tensile and flexural properties from those of PP-Co M710 based nanocomposites 

might be attributed to a higher level of intercalation/exfoliation in the clay 

dispersion and better improvement of the interfacial adhesion, especially for the 

low clay content (≤ 5 wt%), as illustrated in Figs. 5. 6(b) and (c). The strength level-

off effect at higher clay contents (8-10 wt%) can be explained by the proportional 

increase of MAPP content (WR=1:2) to improve the clay dispersion and 

delamination in compensation for the negative effect of clay agglomeration. 

Furthermore, relatively good interfacial interactions maintain reasonably well 

between dispersed clay platelets and the PP matrix despite the appearance of some 

micro-size voids, possibly occupied by the clay tactoids, Figs. 5.6(d) and (e). 

Accordingly, at higher clay contents, the presence of MAPP seems to favour the 

intercalation of PP molecular chains and stabilise the tensile/flexural strength at 

an acceptable level, higher than or similar to that of neat PP, depending on the 

interfacial interactions [126]. It is also worth mentioning that the flexural 
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properties of such nanocomposites always demonstrate higher enhancements than 

the corresponding tensile properties, which could be attributed to the different 

deformation mechanisms using tensile and bending modes, and the alignment of 

clay platelets in the PP matrix owing to the injection moulding process [120]. This 

point also validates the aforementioned stronger factorial effect of clay content on 

flexural modulus as opposed to tensile modulus in Chapter 4.  The influence of 

clay content on the relevant impact properties is depicted in Fig. 5.18(e). Initially, 

with an increase of clay content, the Charpy impact strength is drastically 

enhanced by maximum 50% when increasing up to 3 wt% organoclay, and then 

drops off in a similar way until it levels off at a high clay content of about 10 wt%, 

comparable to that of neat PP-Hom H380F. The higher impact strength at a lower 

clay content possibly benefits from more uniform clay dispersion, leading to the 

better level of intercalation/exfoliation. As mentioned earlier, the reduction of 

impact strength often occurs at a higher clay content due to the induced material 

brittleness from the proportional amount increases of organoclay and MAPP that 

is more brittle than neat PP itself. 

     On the other hand, in the second nanocomposite formulation (fixed MAPP 

content: 6 wt%), the identical enhancement trends for tensile and flexural moduli 

with increasing the clay content have been observed as well, except that even  

higher modulus enhancements are achieved beyond  3 wt%  organoclay compared 

to those of the first formulated nanocomposites. In addition, such an increasing 

trend appears to be much more pronounced for tensile modulus. It is reported that 

the highest level of modulus enhancement again occurs at 10 wt% organoclay with 

60% and 68% increases for tensile and flexural moduli, respectively. The 



Chapter 5                                                                          Experimental Characterisation 

 127

improvements of tensile and flexural strengths become even more favourable for 

the second formulated nanocomposites with a similar level-off effect beyond 5 

wt%. The tensile and flexural strengths demonstrate the maximum enhancements 

of 21% and 35% with corresponding 5 wt% and 8 wt% organoclay. Different from 

the tensile properties, flexural strength offers a higher enhancement level as 

opposed to flexural modulus. The variation of enhancement levels again can be 

attributed to the deformation mechanisms and the level of exfoliation or 

intercalation. Normally, increasing the amount of MAPP should improve the clay 

dispersion with better delamination and interfacial interactions, which, however, 

is not always the case for the resulting mechanical property enhancement. Overall, 

the second formulated nanocomposites show better tensile and flexural properties 

than the first one with a even higher MAPP content. It is not surprising owing to 

the matrix plasticisation effect, caused by the low molecular weight MAPP as the 

compatibiliser. In general polymer blending process, the saturation level of 

compatibiliser content is a crucial factor, above which the homogeneity and 

mechanical properties of blended materials can be worsened [120, 128, 129]. Up to 

the saturation level, short molecules of the compatibiliser exist primarily in the 

interfacial area between dispersed phase and the matrix. But above this level, only 

a portion of the molecules enter the interfacial area, and the excessive 

compatibiliser is dispersed in the matrix, thus adversely influencing its 

homogeneity and consequently the mechanical properties of the blends. In fact, 

the actual amount of MAPP used for improving the interfacial interactions in the 

first formulation might be much less than the quantity initially added. The 

excessive quantity of MAPP only leads to its less effective functionality as a 
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compatibiliser, which becomes a part of the PP matrix, thus lowering the overall 

material properties. Nevertheless, as seen from the fracture morphology in Figs. 

5.7(b) and (c) with clay contents of 8 wt% and 10 wt% in the second formulation, 

clay agglomeration along with the existence of microvoids is more evident apart 

from the dispersed clay platelets. Such microvoids might result from the weak 

interfacial interactions owing to the insufficient MAPP content. Consequently, a 

well-balanced compatibiliser content is essential for the effective melt 

compounding of PP/clay nanocomposites. As a compromise in practice, tensile 

and flexural properties in the first formulation might relatively suffer from the 

predominant negative plasticisation effect of MAPP, competing with the positive 

effect of better clay dispersion [105, 124, 127]. The corresponding impact strengths 

resemble those in the first formulation up to the clay content of 5 wt%, and then 

follow a relatively slow decreasing tendency until up to 10 wt% organoclay where 

the impact strength is just slightly lower than that of neat PP-Hom H380F. The less 

amount of MAPP may reduce the deterioration of impact strength at a given clay 

content beyond 5 wt% since a higher MAPP content increases the possibility of 

multiple molecular branching of the compatibiliser and restricts its penetration 

into the polymer phases, thus leading to the material inhomogeneity and affecting 

the impact strength adversely [128].  In short, from the viewpoint of using 

economical materials, it is more evident that the selection of a relatively small 

amount of MAPP should be more favourable on the condition that both the 

negative effects of matrix plasticisation and clay agglomeration can be successfully 

controlled in nanocomposite compounding to an acceptable level for the end 

users. 
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     For  better  understanding  the  saturation  level  of  MAPP  content, mechanical 

properties of PP-Hom H380F based nanocomposites (fixed clay content of 5 wt%) 

are exhibited in Fig. 5.19. Tensile and flexural moduli are inevitably increased with 

the addition of MAPP up to 3 wt%, but subsequently tend to be reduced until up 

to 10 wt% MAPP. Then they become more or less level-off at a higher MAPP 

content (i.e. 10-20 wt%) despite slight variations, depending on the measured 

properties, Figs. 5.19(a) and (b). For tensile and flexural strengths, the maximum 

enhancements have been found to be over 7% and 12% (MAPP content: 3-6 wt%), 

respectively, as compared to those without MAPP. Hence, the saturation level of 

MAPP content can be said to be in the range between 3 wt% and 6 wt% where 

both tensile and flexural properties reach the highest levels. In a practical case, the 

saturation level chosen at a given MAPP content might not always lead to the 

maximum modulus and strength values simultaneously, as seen in Fig. 5.19(b), 

and a trade-off is necessary to achieve well-balanced properties. Meanwhile, the 

tensile and flexural properties at a higher MAPP content (10-20 wt%) seem to be 

almost comparable to those without MAPP due to the aforementioned matrix 

plasticisation effect. Nevertheless, the property enhancements of nanocomposites 

are still manifested compared to those of neat PP-Hom H380F. On the other hand, 

the impact strength, as expected, is greatly reduced with increasing the MAPP 

content, illustrated in Fig. 5.19(c). More surprisingly, at a lower MAPP content (0-3 

wt%), the higher level of impact strength is maintained with more than 61% 

increase over that of neat PP-Hom H380F. This might be explained by the fact that 

a small amount of MAPP is mostly used in polymer blending for the improvement 

of  interfacial  interactions, inducing less  material  inhomegeneity as well as brittle 



Chapter 5                                                                          Experimental Characterisation 

 130

 

                                                                                

                                                              

                                                
      

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.19 Mechanical properties of PP-Hom H380F based nanocomposites (fixed 

clay content: 5 wt%): (a) tensile modulus and strength at yield, (b) flexural 

modulus and strength and (c) impact strength. 
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behaviour. Any further increase of MAPP content gradually worsens the impact 

strength, again most likely resulting from the less functionality of MAPP as the 

compatibiliser. In particular, at a high MAPP content (17–20 wt%), the impact 

strength of nanocomposites is even lower than that of neat PP. In comparison, 

such nanocomposites well maintain the impact strength at a level equal to or 

above that of neat PP-Hom H380F, far better than corresponding 5 wt% filled PP-

Co M710 based nanocomposites (WR=1:1) with a over 56% reduction for the 

impact strength. This also confirms the superior material usage of low viscosity 

PP-Hom H380F. 

     Mechanical properties of PP/clay nanocomposites, as a whole, are influenced 

not only by the clay dispersion but also by the functionality of MAPP as the 

compatibiliser to enhance the interfacial interactions while simultaneously reduce 

the matrix plasticisation effect, occurring in general polymer blending process. The 

presence of MAPP, as the key bridging material between two incompatible phases,  

along with the addition of organoclay in naocomposites, will be further discussed 

in the following wide angle XRD and DSC analyses to understand the relationship 

between the material crystalline structures, crystallisation behaviour and 

mechanical properties. 

 

5.5 Crystalline Structures  

     The crystalline structures of MAPP, neat PP-Co M710 and corresponding PP-Co 

M710 based nanocomposites (WR=1:1) were evaluated with the wide angle XRD 

patterns, presented in Fig. 5.20. It has been observed that five characteristic peaks 

of  most  common α -monoclinic  PP  structure  appear  in  all  the  materials  at  2θ  
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Fig. 5.20 Wide angle XRD patterns of PP-Co M710 based nanocomposites 

(WR=1:1). The curves are shifted vertically for clarity. 

 

angles of about 14.0°, 16.8°, 18.6°, 21.2° and 21.9°, corresponding to lattice planes 

of (110), (040), (130), (111) and (131), respectively [100, 130]. In addition, another 

characteristic peak at 2θ angle of 16.1° is identified in PP-Co M710 and 

corresponding nanocomposites as β -hexagonal PP structure in the lattice plane of 

(300) [100, 130]. In the case of PP-Co M710 based nanocomposites, the same 

number of XRD peaks has been detected apart from the different relative peak 

intensities, implying that the addition of clay particles does not greatly affect the 

crystalline structures of PP matrix for such nanocomposites. Since β -PP can induce 

better impact resistance and greater elongation at break, as compared to α -PP 

[131, 132], the existence of clay particles in PP-Co M710 based nanocomposites 
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might diminish this favourable effect due to the reduction of β (300) peak 

intensities with increasing the clay content, in good accordance with the reported 

impact properties of such nanocomposites in Section 5.4. 

     The wide angle XRD patterns for PP-Hom H380F based nanocomposites 

(WR=1:2 and fixed MAPP content: 6 wt%) are also depicted with the α -

monoclinic PP crystalline structure identical to that of PP-Hom H380F, as evident 

from Figs. 5.21 and 5.22. In contrast to PP-Co M710 with both α -PP and β -PP 

structures, the crystals of PP-Hom H380F grow very dominantly in the α -PP 

formation. Although the same PP reflection with five characteristic α -PP peaks 

are shown in corresponding nanocomposites, again confirming the little alteration 

of PP crystalline  structures, a  significant  difference in  the intensity of α (040) has  

 

 

 

 

 

    
 

 

 

 

 

 

Fig. 5.21 Wide angle XRD patterns of PP-Hom H380F based nanocomposites 

(WR=1:2). The curves are shifted vertically for clarity. 
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Fig. 5.22 Wide angle XRD patterns of PP-Hom H380F based nanocomposites (fixed 

MAPP content: 6 wt%). The curves are shifted vertically for clarity. 

 

been observed. Evidently, all the nanocomposites demonstrate considerably more   

enhanced α (040) peak intensities compared to that of PP-Hom H380F, which 

reflects the increasing amount of α -PP. As mentioned in the literatures [131, 132], 

the formation of α -PP mainly contributes to the improvement of tensile modulus 

and better yield stress, which are in good agreement with the tensile properties of 

PP-Hom H380F based nanocomposites in this study. More interestingly, the 

intensity of α (040) is relatively reduced for PP-Hom H380F based nanocomposites 

(WR=1:2) with increasing the clay content compared to the insignificant intensity 

change for such nanocomposites (fixed MAPP content: 6 wt%). This difference can 

be attributed to the addition of low molecular weight MAPP that lowers the 
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α (040) intensity, which, as expected, has little effect on the transformation of 

crystalline structures. 

     The influence of MAPP content on the crystalline structures of PP-Hom H380F 

based nanocomposites (fixed clay content: 5 wt%) is also depicted in Fig. 5.23. 

Surprisingly, such nanocomposites without MAPP (i.e. MAPP0) appear to have 

both α -PP and β -PP formations. As explained before, the existence of β -PP, to a 

certain extent, could lead to the higher impact strength occurring in MAPP0 apart 

from large clay tactoids still observed in its morphological structure. However, β -

PP formation seems to disappear in the presence of MAPP. Similarly, increasing  

the  MAPP  content  from  3 wt% to 20 wt% tends  to cause the dramatic  reduction 

 
      

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.23 Wide angle XRD patterns of PP-Hom H380F based nanocomposites (fixed 

clay content: 5 wt%). The curves are shifted vertically for clarity. 
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of α (040) peak intensity. In view of the crystalline phases, it is indicated that at a 

fixed clay content, increasing the MAPP content enables to prevent the further 

growth of α -PP, thus leading to the lower tensile properties of such 

nanocomposites at a higher MAPP content. Consequently, the mechanical 

properties of PP/clay nanocomposites can be influenced by both α -PP and β -PP 

crystalline structures of PP matrices despite the predominant constituent of more 

stable α -PP often existing in the melt-crystallisation process. 

   

5.6 Melting and Crystallisation Behaviour 

     The influences of organoclay and MAPP as compatibiliser on the melting and 

crystallisation behaviour of PP/clay nanocomposites were characterised by DSC 

thermal analysis. Figs. 5.24(a) and (b) demonstrate the DSC curves of PP-Co M710 

based nanocomposites (WR=1:1). The corresponding characteristic parameters and 

calculated degree of crystallinity (Xc) are listed in Table 5.5. Apart from 

DK2/MAPP masterbatch with a relatively low melting temperature (Tm) at 160°C, 

all nanocomposites possess the Tm (~165°C) similar to that of neat PP-Co M710 

regardless of the clay content. This phenomenon indicates the presence of 

organoclay has little effect on the melting behaviour of PP [133]. The reduction of 

crystallisation temperature (Tc) for nanocomposites is more pronounced with 

increasing the clay content up to 3 wt%. However, such tendency becomes less 

significant beyond this threshold. In addition, DK2/MAPP masterbatch offers a 

very low Tc at about 114°C, comparable to NC10 with 10 wt% organoclay. 

Although organoclay generally acts as a nucleating agent to reduce the spherulite 

size of PP [11, 14, 103], the  presence of  low molecular weight MAPP might hinder                    
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Fig. 5.24 DSC curves of PP-Co M710 based nanocomposites (WR=1:1): (a) heating 

scan and (b) cooling scan. The curves are shifted vertically for clarity.  
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Table 5.5 DSC characteristic parameters and degree of crystallinity of PP-Co M710 

based nanocomposites (WR=1:1) 

   *Clay content of 50 wt% for DK2/MAPP masterbatch with the weight ratio of 1:1. 
 

such nucleating effect due to the same proportional increases of MAPP and 

organoclay.  Since the interfaces between the PP matrix and organoclay also play a 

very important role in the crystallisation behaviour, specific weak interactions 

found in PP-Co M710 based nanocomposite, though involving MA groups of the 

compatibiliser, could also limit the nucleating effect of organoclay, especially at 

the higher clay content [103, 134]. The degree of crystallinity (Xc) is very consistent 

around 25-28% for neat PP-Co M710 and corresponding nanocomposites despite a 

much higher Xc of 36% for DK2/MAPP masterbatch. 

     The DSC curves of PP-Hom H380F based nanocomposites (WR=1:2) are shown 

in Figs. 5.25 with relevant characteristic parameters listed in Table 5.6. Similarly, 

the Tm of all nanocomposites remains at the same level of about 163°C, very 

comparable to that of neat PP-Hom H380F. More interestingly, the Tc of 

nanocomposites is remarkably enhanced close to 118°C irrespective of the clay 

content, as compared to 113°C for PP-Hom H380F. Such enhancement might be 

explained by a good balance between the positive nucleating effect of organoclay 

and detrimental influence of the excessive MAPP with low crystallinity. Moreover, 

a  better  clay dispersion leading to much stronger interfacial interactions may also  

Material Type Clay Content 
(wt%) 

Tm  
(°C) 

Tc  
(°C) 

∆Hm   
(J/g) 

Xc  
(%) 

PP-Co M710 0 164.9 121.4 62.47 27.9 
DK2/MAPP Masterbatch 50* 159.5 113.8 41.27 35.5 

NC1 1 165.1 121.1 58.34 25.9 
NC3 3 165.4 115.1 54.59 25.6 
NC5 5 164.7 115.5 53.12 24.7 

NC10 10 164.9 114.2 52.66 27.6 
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Fig. 5.25 DSC curves of PP-Hom H380F based nanocomposites (WR=1:2): (a) 

heating scan and (b) cooling scan. The curves are shifted vertically for clarity.  
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Table 5.6 DSC characteristic parameters and degree of crystallinity of PP-Hom 

H380F based nanocomposites (WR=1:2) 

 
 

induce more nucleating cores to facilitate the crystallisation with the better 

nucleating effect and the higher Tc [11]. The higher Tc of such nanocomposites 

(>117°C) also indicates that a higher extent of segregation of dispersed clay 

particles takes place around the boundary of the spherulites or interspherulites, 

resulting in the enhanced intercalation [135], as confirmed by previous XRD and 

TEM results in Sections 5.1 and 5.3.  The Xc of nanocomposites slightly increases 

up to 46.3% compared to that of PP-Hom H380F (Xc =41.8%), which again implies 

the positive nucleating effect on crystallinity. 

     When PP-Hom H380F based nanocomposites (fixed MAPP content: 6 wt%) 

were investigated, the Tm shows a similar minor change maintaining at about 

164°C, Fig. 5.26 and Table 5.7. Nevertheless, the Tc is considerably enhanced with 

increasing the clay content and reaches the maximum temperature of 120°C for 

PPNC10. This phenomenon is partly due to the predominant role of organoclay as 

a nucleating agent as opposed to the less severe plasticisation effect of the 

moderate amount of MAPP. Furthermore, the Xc becomes higher than that of 

corresponding PP-Hom H380F based nanocomposites (WR=1:2) with the 

maximum level up to over 48% for PPNC5 and PPNC10. It appears that the 

additions  of MAPP  and organoclay make the totally opposite contributions to the  

Material Type Clay Content 
(wt%) 

Tm  
(°C) 

Tc  
(°C) 

∆Hm   
(J/g) 

Xc  
(%) 

PP-Hom H380F 0 164.2 112.8 87.32 41.8 
Opt1 3 163.3 117.3 92.86 45.8 
Opt2 5 163.9 117.7 89.06 44.9 
Opt3 8 163.1 117.8 88.96 46.3 
Opt4 10 163.3 117.8 82.79 44.0 
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Fig. 5.26 DSC curves of PP-Hom H380F based nanocomposites (fixed MAPP 

content: 6 wt%): (a) heating scan and (b) cooling scan. The curves are shifted 

vertically for clarity.  
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Table 5.7 DSC characteristic parameters and degree of crystallinity of PP-Hom 

H380F based nanocomposites (fixed MAPP content: 6 wt%) 

 
 

crystallisation behaviour of nanocomposites. The former with low crystallinity 

inhibits the nucleating effect, thus lowering the Tc while the latter promotes the 

growth of nucleating cores with the reduction of spherulite size on the condition 

that the good clay dispersion along with strong interfacial interactions can be 

achieved. 

     In order to better evaluate the effect of MAPP content on the crystallisation 

behaviour of nanocomposites, PP-Hom H380F based nanocomposites (fixed clay 

content: 5 wt%) were also evaluated, presented in Fig. 5.27 and Table 5.8. When no 

compatibiliser is used in MAPP0, the addition of organoclay, to the greatest extent, 

increases the Tc up to 121°C owing to the conventional heterogeneous nucleation 

effect though no favourable interfacial interactions occur. However, with 

increasing the MAPP content, the Tc is relatively reduced to 117°C for MAPP20 (20 

wt% MAPP), but still remains well above that of PP-Hom H380F. This observation 

validates the aforementioned hypothesis that a compromising result has to be 

made to reflect the crystallisation behaviour due to the counteracting roles of 

organoclay and MAPP as positive and negative contributors to the nucleating 

effect. As expected, the characteristic parameter Tm of such nanocomposites varies 

quite  marginally  while  the Xc  appears not to be substantially influenced and still  

Material Type Clay Content 
(wt%) 

Tm  
(°C) 

Tc  
(°C) 

∆Hm  
(J/g) 

Xc  
(%) 

PP-Hom H380F 0 164.2 112.8 87.32 41.8 
PPNC3 3 163.3 117.3 92.86 45.8 
PPNC5 5 163.6 118.5 96.32 48.5 
PPNC8 8 164.4 119.7 89.77 46.7 

PPNC10 10 164.3 119.9 90.78 48.3 
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Fig. 5.27 DSC curves of PP-Hom H380F based nanocomposites (fixed clay content: 

5 wt%): (a) heating scan and (b) cooling scan. The curves are shifted vertically for 

clarity.  
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Table 5.8 DSC characteristic parameters and degree of crystallinity of PP-Hom 

H380F based nanocomposites (fixed clay content: 5 wt%) 

 
 

remains at a relatively high level above that of PP-Hom H380F. 
 
     As a result, the nucleating effect of organoclay is very crucial to enhance the 

mechanical and thermal properties since the surface-nucleated crystalline phase 

has better mechanical and thermal characteristics than the neat polymer crystal 

phases [11]. The crystallisation behaviour found in this study agrees well with the 

enhanced mechanical properties of nanocomposites, as mentioned earlier in 

Section 5.4. Although the glass transition temperature (Tg) shows a very weak 

appearance in DSC analysis, it can be better detected by performing more sensitive 

DMTA measurements. 

 

5.7 Dynamic Mechanical Properties  

     The reinforcement effect due to the addition of organoclay and the glass 

transition  temperature  (Tg)  are  of  great  interest  in  this  study. Fig. 5.28 exhibits 

the dynamic elastic modulus E' and loss tangent tanδ at various temperatures for 

PP-Co M710 based nanocomposites (WR=1:1). The representative values of E' at 

five specific temperatures from -30°C to 135°C and Tg values are listed in Table 5.9.  

NC1   and  neat  PP-Co M710  possess  almost the same Tg at about 22°C  while  the  

Material Type MAPP Content 
(wt%) 

Tm  
(°C) 

Tc  
(°C) 

∆Hm  
(J/g) 

Xc  
(%) 

PP-Hom H380F - 164.2 112.8 87.32 41.8 
MAPP0 0 164.3 120.7 90.08 45.4 
MAPP3 3 165.3 119.0 86.20 43.4 
MAPP6 6 163.6 118.5 96.32 48.5 

MAPP10 10 163.9 117.7 89.06 44.9 
MAPP20 20 163.5 116.7 91.78 46.2 
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Fig. 5.28 DMTA curves for PP-Co M710 based nanocomposites (WR=1:1): (a) 

dynamic elastic modulus E’ and (b) loss tangent tanδ. 
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Table 5.9 Dynamic elastic moduli E' of PP-Co M710 based nanocomposites 

(WR=1:1) at various temperatures and related glass transition temperatures (Tg). 

 

   * The values in parentheses are the relative dynamic elastic modulus of nanocomposites to those of PP-Co 

M710. 

 

Tg is increased from 27.9°C to 31.4°C for NC3 and NC5, but is slightly reduced to 

30.7°C for NC10, which implies an insignificantly increasing trend of Tg above the 

threshold of 5 wt% organoclay. The enhancement of Tg can be attributed to the 

restricted segmental motions at the organic-inorganic interface neighbourhood of 

intercalated compositions [126]. When PP/MAPP molecules are intercalated into 

the interlayers of clay platelets, the chain movements of PP molecules might be 

constrained by the layered structure of organoclay, resulting in the higher Tg and 

E' of such nanocomposites [136].  Furthermore, the addition of organoclay within 

the PP matrix leads to moderate reinforcement effect with increasing elastic 

modulus less than 20% below Tg. In particular, such small enhancements of 

relative moduli between 1.0 and 1.2 have been observed at 25°C with increasing 

the clay content, which is in good agreement with the corresponding mechanical 

properties, previously determined at the room temperature in Section 5.4. The 

Dynamic Elastic Modulus* E' (GPa)  

-30°C 5°C 25°C 90°C 135°C 

 
Tg (°C) 

PP-Co M710 2.84 2.55 1.91 0.66 0.30 21.6 

NC1 3.10 
(1.09) 

2.73 
(1.07) 

1.90 
(0.99) 

0.65 
(0.98) 

0.29 
(0.97) 

22.0 

NC3 3.18 
(1.12) 

2.80 
(1.10) 

1.97 
(1.03) 

0.66 
(1.00) 

0.29 
(0.97) 

27.9 

NC5 3.24 
(1.14) 

2.87 
     (1.13) 

2.04 
(1.07) 

0.65 
(0.98) 

0.27 
(0.90) 

31.4 

NC10 3.38 
(1.19) 

3.00 
(1.18) 

2.27 
(1.19) 

0.77 
(1.17) 

0.33 
(1.10) 

30.7 
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increasing temperature accelerates the drop of E' which becomes less severe above 

90°C. The relative moduli of nanocomposites at 90°C are very comparable to that 

of neat PP-Co M710 in the range of 0.65-0.77. No significant difference in E' above 

Tg implies that highly intercalated PP/clay nanocomposites might be formed, 

which do not strongly influence the elastic properties in the rubbery plateau. 

Generally, neat PP demonstrates three relaxations in the vicinity of -80°C (γ  peak), 

8°C ( β peak) and 100°C (α peak) [137]. The dominant β relaxation is assigned to Tg 

[111], representing the glass-rubber relaxation of the amorphous portion of PP, 

whereas α peak of crystalline regions of PP appears at about 100 °C, observed as 

the shoulder-like weak peak. γ  peak is almost invisible since the study is out of 

the used temperature range. Significant increases of α and β peak intensities have 

been detected in tanδ curves of such nanocomposites despite their similar shapes 

and tendencies. This is due to the predominant viscous effect from the elastic 

energy dissipation (E'') above Tg in the deformation flow.  

     More noticeably, an enormous reinforcement effect with the better magnitude 

of E' has been observed for PP-Hom H380F based nanocomposites (WR=1:2 and 

fixed MAPP content: 6 wt%), as evident in Figs. 5.29 and 5.30. The relevant 

representative E’ and Tg values are also listed in Tables 5.10 and 5.11. Most 

nanocomposites demonstrate much higher Tg in contrast to PP-Hom H380F 

(Tg=14.7°C), and a further increase of Tg is shown by increasing the clay content 

from 5 wt% to 10 wt%, reaching the  maximum value of 21°C. This phenomenon 

mainly benefits from the uniform clay dispersion and the strong interactions 

between  PP molecular  chains and  intercalated  clay particles. Even  at a higher 

clay content  of  10 wt%, the  MA  groups in MAPP can still break up the large clay 
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Fig. 5.29 DMTA curves for PP-Hom H380F based nanocomposites (WR=1:2): (a) 

dynamic elastic modulus E’ and (b) loss tangent tanδ. 
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Table 5.10 Dynamic elastic moduli E' of PP-Hom H380F based nanocomposites 

(WR=1:2) at various temperatures and related glass transition temperatures (Tg). 

 

 * The values in parentheses are the relative dynamic elastic modulus of nanocomposites to those of PP-Hom 

H380F. 

 

agglomerates into much  finer particles with  increasing the  degree  of dispersion, 

as confirmed  by  the  previous TEM study in Section 5.3. As expected, the more 

intercalated clay particles are, the higher restriction of PP chains mobility occurs, 

leading to the shift of Tg to a higher temperature. In addition, with increasing the 

clay content, the elastic moduli of such nanocomposites are also significantly 

enhanced by over 40% below Tg. At higher temperatures above Tg, a more 

interesting phenomenon is clearly demonstrated. The elastic modulus continues to 

be increased at a low clay content up to 5 wt% with the maximum improvements 

of 42% at 135°C for Opt1, PPNC3 and PPNC5. Then, the modulus enhancement 

becomes much less around 17-30% when high clay contents (8-10 wt%) are 

considered. This indicates that the strong reinforcement effect can still take place  

in  the  rubbery  plateau,  depending  on  a  good  clay  dispersion  and  favourable 

interfacial interactions, which tend to be achieved more easily at low clay contents. 

Dynamic Elastic Modulus* E' (GPa)  

-30°C 5°C 25°C 90°C 135°C 

 
Tg (°C) 

PP-Hom H380F 2.10 1.82 1.38 0.41 0.16 14.7 

Opt1 2.23 
(1.06) 

1.93 
(1.06) 

1.49  
(1.08) 

0.48  
(1.18) 

0.23  
(1.42) 

18.9 

Opt2  2.40 
(1.14) 

 2.10 
(1.16) 

 1.60 
(1.16) 

 0.48 
(1.18) 

 0.21 
(1.29) 

17.7 

Opt3 2.76  
(1.31) 

2.45 
(1.35) 

 1.85 
(1.35) 

0.52 
 (1.27) 

 0.20 
(1.23) 

18.8 

Opt4  2.95 
(1.40) 

 2.61 
(1.44) 

 1.97 
(1.43) 

 0.53 
(1.30) 

 0.20 
(1.24) 

21.2 
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Fig. 5. 30 DMTA curves for PP-Hom H380F based nanocomposites (fixed MAPP 

content: 6 wt%): (a) dynamic elastic modulus E’ and (b) loss tangent tanδ. 
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Table 5.11 Dynamic elastic moduli E' of PP-Hom H380F based nanocomposites 

(fixed MAPP content: 6 wt%) at various temperatures and related glass transition 

temperature (Tg). 

  * The values in parentheses are the relative dynamic elastic modulus of nanocomposites to those of PP-Hom 

H380F. 

 

In comparison,  PP-Hom H380F  based  nanocomposites  exhibit  more significant 

reinforcement efficiency and much better thermo-mechanical stability at the 

higher temperatures than PP-Co M710 based nanocomposites (WR=1:1) do. This 

further validates that low viscosity PP is beneficial to the clay dispersion and the 

improvement of mechanical properties of corresponding nanocomposites. 

     Owing to its important role in diminishing the agglomeration of clay particles, 

the effect of MAPP content on the thermo-mechanical behaviour of PP-Hom 

H380F based nanocomposites (fixed clay content: 5 wt%) is also shown in Fig. 5.31 

and Table 5.12. The elastic moduli of nanocomposites are much higher than those 

of corresponding PP-Hom H380F in the whole temperature range. However, it can 

be   seen   that  all   the   nanocomposites   demonstrate  very  close  moduli  versus 

temperature curves though the greatest modulus improvement is evident for 

MAPP3  among  all  the  nanocomposites. In  particular, at room temperature, with 

Dynamic Elastic Modulus* E' (GPa)  

-30°C 5°C 25°C 90°C 135°C 

 
Tg (°C) 

PP-Hom H380F 2.10 1.82 1.38 0.41 0.16 14.7 

PPNC3 2.23 
(1.06) 

1.93 
(1.06) 

1.49  
(1.08) 

0.48  
(1.18) 

0.23  
(1.42) 

18.9 

PPNC5  2.50 
(1.19) 

 2.09 
(1.15) 

 1.67 
(1.21) 

 0.54 
(1.32) 

 0.23 
(1.42) 

14.7 

PPNC8 2.68  
(1.27) 

2.31 
(1.27) 

 1.86 
(1.35) 

0.49 
 (1.20) 

 0.19 
(1.17) 

17.4 

PPNC10  2.95 
(1.40) 

 2.53 
(1.39) 

 1.95 
(1.42) 

 0.50 
(1.22) 

 0.19 
(1.17) 

20.0 
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Fig. 5.31 DMTA curves for PP-Hom H380F based nanocomposites (fixed clay 

content: 5 wt%): (a) dynamic elastic modulus E’ and (b) loss tangent tanδ. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

-60 -45 -30 -15 0 15 30 45 60 75 90 105 120 135 150

Temperature (oC)

El
as

tic
 M

od
ul

us
 E

' (
G

Pa
)

PP-Hom H380F
MAPP0
MAPP3
MAPP6
MAPP10
MAPP20

(a) 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

-60 -45 -30 -15 0 15 30 45 60 75 90 105 120 135 150

Temperature (oC)

Lo
ss

 T
an

ge
nt

 ta
n 

PP-Hom H380F
MAPP0
MAPP3
MAPP6
MAPP10
MAPP20

δ 

(b) 



Chapter 5                                                                          Experimental Characterisation 

 153

Table 5.12 Dynamic elastic moduli E' of PP-Hom H380F based nanocomposites 

(fixed clay content: 5 wt%) at various temperatures and related glass transition 

temperatures (Tg). 

 
* The values in parentheses are the relative dynamic elastic modulus of nanocomposites to those of PP-Hom 

H380F. 

 

increasing the MAPP content, a similar threshold trend is also manifested with the 

modulus enhancement up to 25% for MAPP3, in good accordance with obtained 

corresponding flexural properties in Section 5.4 where the highest flexural 

modulus occurs at the MAPP content of 3 wt%.  The declining trend of elastic 

modulus at the higher MAPP content again reveals the discussed point that the 

excessive amount of low molecular weight MAPP softens the nanocomposites due 

to the aforementioned matrix plasticisation effect. On the other hand, increasing 

the MAPP content from 0 wt% to 6 wt% appears  to  show  less  severe  influence 

on the Tg of nanocomposites, which levels off or becomes slightly higher around 

15°C. When the higher MAPP content (10-20 wt%) is used, the Tg is gradually 

increased from 18°C to 22°C, indicating that the addition of MAPP as the 

Dynamic Elastic Modulus* E' (GPa)  

-30°C 5°C 25°C 90°C 135°C 

 
Tg (°C) 

PP-Hom H380F 2.10 1.82 1.38 0.41 0.16 14.7 

MAPP0 2.50 
(1.19) 

2.13 
(1.17) 

1.63  
(1.19) 

0.51 
(1.25) 

0.22  
(1.35) 

15.9 

MAPP3  2.60 
(1.24) 

 2.28 
(1.25) 

1.76 
(1.28) 

 0.56 
(1.37) 

 0.24 
(1.48) 

14.7 

MAPP6 2.50  
(1.19) 

2.09 
(1.15) 

 1.67 
(1.21) 

0.54 
 (1.32) 

 0.23 
(1.42) 

14.7 

MAPP10  2.40 
(1.14) 

 2.10 
(1.16) 

 1.60 
(1.16) 

 0.48 
(1.18) 

 0.21 
(1.29) 

17.7 

MAPP20 2.45  
(1.16) 

2.12 
(1.17) 

 1.68 
(1.22) 

0.49 
 (1.20) 

 0.21 
(1.29) 

21.5 
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compatibiliser inevitably facilitates the dispersability of clay particles and thus 

makes the mobility of PP chains less active. As a consequence, a balance between 

the stiffness and the amount of compatibiliser is required to achieve the better 

mechanical property enhancement of PP/clay nanocomposites. 
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_____________________________ 
Chapter 6          

Micromechanical Modelling  
          with Representative  

Volume Element 
_____________________________     
 
Better to do something imperfectly than to do nothing flawlessly. 
 

Robert Schuller 
 
6.1 Modelling Parameters 

     The commercial finite element package, ANSYS® was employed to establish 

the representative volume element (RVE) models on a continuum scale. Due to the 

great dimensional variation between the continuous polymer matrix and clay 

platelets with various aspect ratios (L/t) in the range of 10-1000, 2-D RVE models 

have been found to be sufficient whose cross section can give a good 

representation of clay platelets in a 3-D domain [47, 75]. For simplicity, it can also 

be assumed that clay platelets are unidirectionally well-aligned and uniformly 

dispersed into the polymer matrix in RVE modelling. The selected modelling 

parameters consist of clay aspect ratio and content, clay platelet distribution 

pattern as well as the interphase properties between clay platelets and the polymer 

matrix. In addition, the aspect ratios have been fixed to be 10 and 100 with the 

thickness of clay particles t=10 nm and 1 nm, respectively, which are considered as 

the ideal benchmarks of complete intercalation and exfoliation levels for a 

nanocomposite system [48]. 
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6.2 RVE Patterns 

     It is well understood from investigating morphologies of nanocomposites that 

most clay platelets are randomly distributed with irregular sizes and shapes.

In a simplest case of periodic particle structures, three types of RVE patterns have 

been evaluated, which are denoted as the “stack”, “staggering” and “randomly 

distributed”  patterns, as  illustrated   in  Figs. 6.1(a)–(c).  In  order   to   quantify  the  

 
             (a) 
 
 
 

 
 
 
 
 
 
                             
             (b) 
 
 
 
 
 
 
 
 
 
 
 
             (c) 
 
 
 
 
 
                                                                
 
 
 

Fig. 6.1 Three types of RVE patterns: (a) stack, (b) staggering and (c) randomly 

distributed. 
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relative spatial positions of clay platelets, a staggering factor fs [76] has been 

introduced to represent the platelet overlap at different staggering levels shown as  

                                                             
b
Lfs

02Δ
=                                                   (6.1) 

and 

 

where ΔL0 is the offset between clay platelets in the stack, a and b are the length 

and width of a single RVE domain. In this entire RVE modelling work, a has been 

fixed to be 200 nm on the basis of the fundamental hypothesis that the minimum 

RVE size is approximately twice the reinforcement diameter [138, 139] which is the 

platelet lateral length (L=100 nm) in this case. L and t are the length and thickness 

of clay platelets in the lateral dimensions. ρf and ρm are the densities of clay 

particles and the PP matrix, and Wf  is the clay weight fraction. c is the lateral 

distance between two clay platelets, which can also be expressed as c=b for the 

stack rows in Fig. 6.1(a). 

 

6.3 Constituent Properties and Boundary Conditions 

     In the conventional two-phase composite system, the constituents of 

nanocomposites mainly include clay particles and the polymer matrix. However, 

the interphase between particles and the matrix in a composite material system is 

also well-known to play an essential role in the composites property enhancement 

especially when the size of reinforced particles is in the order of nanometer. 

Consequently, it is worth noting to understand the interphase effect on the overall 

effective mechanical properties of RVE models. The interphase properties are 

simplified as the interphase modulus and thickness in this study. The study of 

(6.2) 
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parametric variations has been undertaken with the interphase modulus being 

0.5Em, Em and 2Em and the interphase thickness of 0.5t, t and 2t, respectively. 

 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 

 

(b)                                                                           (c) 
 

Fig. 6.2 Illustrations of (a) “effective particles” for intercalated clay platelets, (b) 

discrete stacks of layered structure and (c) ideally isotropic homogenised particles 

[47]. d001: interlayer spacing of intercalated clay particles, dMMT: silicate layer 

thickness (i.e. interlayer spacing of pure MMT) and dg: gallery thickness. 

 

     To simplify the RVE modelling, a few assumptions are made including: (i) clay, 

the polymer matrix and the interphase are all isotropic materials under a very 

small elastic deformation (less than 1% strain); (ii) the intercalated or exfoliated 

clay platelets are uniformly dispersed with a well-aligned formation; (iii) perfect 

interfacial bonding takes place at the interfaces of all the constituents; (iv) the 

L 

t Ep          νp 

dMMT 
dg d001 

L

t

Silicate Layer Gallery 
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actual discrete stack structure of intercalated clay platelets, known as “effective 

particles” is further approximated by the ideally isotropic homogenised particles 

with elastic modulus of clay particle Ep and its Poisson’s ratio νp [47], Fig. 6.2. The 

elastic modulus of intercalated clay platelets can be then estimated using the rule 

of mixtures (ROM) [46, 105], which is given by 

                      MMT
MMT

MMTMMTgallerygalleryMMTMMTp E
d

dEEEE ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≈≈+=

001

φφφ                  (6.3) 

with                                          MMTgallery EE <<                                                               (6.4)                    

where MMTφ  and galleyφ  are volume fractions of silicate layers in the stack and gallery 

space (i.e. interlayer area), respectively. Egallery is the modulus of the interlayer 

(intragallery) material which is expected to be far less than the elastic modulus of 

MMT (EMMT) [105]. In addition, Egallery shows less significant influence on the 

overall elastic moduli of nanocomposites especially with a higher modulus ratio 

between the interlayer material and bulk matrix [48]. MMTφ  can be well 

approximated from the ratio of dMMT (dMMT ≈ 1nm) and the interlayer spacing d001 

of intercalated clay platelets obtained from XRD scans. According to Equation (6.3) 

and interlayer spacing values of PP-Hom H380F based nanocomposites (weight 

ratio: WR=1:2) determined from XRD results for Opt1-4 in Chapter 5, the 

calculated elastic moduli of intercalated clay platelets at various clay contents are 

illustrated in Fig. 6.3. EMMT has been assumed to be equal to that of muscovite 

(EMMT =178 GPa) [22], which represents the modulus of single exfoliated clay 

platelet. Apparently, the discrepancy of elastic moduli of intercalated clay platelets 

is very trivial regardless of the clay content. Hence, the average elastic modulus 

Ep=48.3 GPa has been well assigned in the intercalated RVE models. 
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Fig. 6.3  Comparisons of Elastic moduli of intercalated clay platelets based on 

ROM Equation (6.3) and interlayer spacings of PP-Hom H380F based 

nanocomposites (weight ratio: WR=1:2). 

 
     The Poisson’s ratio of intercalated clay platelets are also estimated by the simple 

mixing rule [105] as follows, 

                                                 gallerygalleryMMTMMTp νφνφν +=                                           (6.5) 

where Poisson’s ratios νMMT=0.20 [22]  and νgallery= 0.35-0.50 [105]. In this study, νp= 

0.26 has been assigned due to the insensitivity of Posson’s ratio of clay particles 

within the range of 0.26-0.32 [105]. The constituent properties of PP/clay 

nanocomposites are listed in Table 6.1 for both exfoliated and intercalated 

structures. 

     The boundary conditions in virtual tensile tests have employed comprising zero 

X and Y displacements on the left boundary (i.e. fully constrained) as well as the 

applied equivalent strains of 0.05% and 0.25% on the right boundary of RVE 

models, Fig. 6.1(a).  
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Table 6.1 Material properties of constituents in RVE modelling of PP/clay 

nanocomposites 

 
Material 

Parameters 
PP Matrix Exfoliated Clay 

Platelets 
Intercalated Clay 

Platelets 
Interphase 

Elastic Modulus 
(GPa) 

1.76a 178 48.3 0.88   1.76 3.52b 

Poisson’s Ratio 0.35c 0.20 0.26  0.35c 

Densityd  

(g/cm3) 
0.9 1.8               1.8     0.9 

Note: a Experimental data of PP-Hom H380F, b Ref. [76], c Ref. [22] and dmaterial data sheet. 
 

6.4 Calculation of Tensile Modulus  

     The calculation of resulting axial stresses are based on the sum of the nodal 

forces on the right boundary, and the tensile modulus (Ec) of the RVE model 

material follows the Hooke’s law given by  

                                
0
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=== =

⋅
===                                            (6.6) 

where 0ε  is the applied strain, and σ  is the resulting axial stress. Fi is the nodal 

force at node i, and A0 is the cross section area of the established 3×3 array 

simulation domain with the assumptions of plane stress and unit thickness. 

 

6.5 Finite Element Mesh and Model Setup 

     The geometries of clay platelets and interphases were generated separately 

whose duplicates were then subtracted from the RVE models in the ANSYS® 

interface in order to separate three different phases including clay platelets, the PP 

matrix and their interphase. However, the three individual phases did not really 

adhere to one another and the glue command in ANSYS® Booleans menu was 
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utilised to achieve the hypothesis of the perfect interfacial bonding condition. This 

command allows the stress transfer analysis between the PP matrix, interphase 

and clay platelets. The mesh generation operation was produced using 2-D 4-node 

elastic shell elements (SHELL 63). The free mesh tool in ANSYS® was employed to 

create the coarse mesh of PP matrix with 10×10 nm shell elements while the clay 

platelets and interphases were subjected to at least one level of mesh refinement. 

Typical RVE finite element mesh models in the stack pattern (ti=2t) are displayed 

in Figs. 6.4(a) and (b) with 1736 elements and 1863 nodes for the exfoliated RVE 

model as well as 7756 elements and 7874 nodes for the intercalated RVE  model.   

 

(a) 

 

 

 

 

 

 

 
(b) 

 
Fig. 6.4  Typical finite element mesh of 3×3 array RVE models in the stack pattern 

(ti=2t): (a) exfoliated RVE model and (b) intercalated RVE model. 
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6.6 Effect of Interphase Properties on Tensile Modulus               

     The effect of interphase properties was investigated on the basis of the simple 

stack pattern at a fixed clay content of 5 wt%. It is clearly seen from Figs. 6.5(a) and 

(b) that at a given interphase thickness, increasing the interphase modulus leads to 

the enhancement of relative modulus Ec/Em. When Ei=Em, as expected, Ec/Em 

remains at the same level irrespective of the interphase thickness for both 

exfoliated and intercalated nanocomposites. This can be explained by the fact that 

the interphase becomes only a part of the PP matrix under the perfect bonding 

assumption, and thus Ec/Em is independent of the interphase thickness. On the 

other hand, when Ei=2Em, Ec/Em is improved with the increase of interphase 

thickness, particularly in the intercalated RVE models. On the contrary, as the 

interphase modulus becomes the half of matrix modulus, Ec/Em shows a declining 

trend with increasing the interphase thickness. It is indicated that Ei=2Em and ti=2t 

can facilitate the maximum modulus enhancement while Ei=0.5Em and ti=2t 

provide the worst scenario. More interestingly, interphase properties appear to 

have less significant influence on the exfoliated nanocomposites since Ec/Em has a 

similar decreasing or increasing rate of less than 2.5% (Ei=0.5Em and 2Em) for ti=0.5t 

and ti=2t, as compared to about 10% for the corresponding intercalated 

nanocomposites. 

     In particular, the axial stress and strain distributions of cross section A-A [see 

Fig. 6.1(a)] in exfoliated and intercalated RVE models with ti=2t are demonstrated 

in Figs. 6.6 and 6.7, respectively. Both axisymmetric stress and strain distributions 

are presented along the mid-plane XZ. For the exfoliated RVE models, Fig. 6.6(a) 

indicates  that clay inclusions and clay/interphase  areas are evidently subjected to 
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Fig. 6.5 Effect of interphase properties on the relative moduli of nanocomposites in 

the stack pattern (Wf =5 wt%): (a) exfoliated and (b) intercalated nanocomposites. 
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Fig. 6.6 Axial stress (a) and strain (b) distributions of exfoliated RVE models along 

the mid-plane XZ in the stack pattern (Wf =5 wt%, ti=2t). 
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Fig. 6.7 Axial stress (a) and strain (b) distributions of intercalated RVE models 

along the mid-plane XZ in the stack pattern (Wf =5 wt%, ti=2t). 
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higher stresses, the maximum being over 48 times greater than those around the 

PP matrix through the interfacial shear stresses. However, very small variations of 

the axial stress distribution take place especially when the interphase modulus is 

equal to or higher than the matrix modulus. Axial strain increases enormously in 

the PP matrix, but conversely becomes much smaller in the neighbouring areas of 

clay particles and interphases with decreasing the interphase modulus, Fig. 6.6(b). 

In the intercalated RVE models, as seen in Fig. 6.7(a), the change of maximum 

stress between clay particles and the PP matrix appears to gradually drop from 7.4 

to 3.8 times with the reduction of interphase modulus from 2Em to 0.5Em. In 

comparison, the load transfer in exfoliated nanocomposites is far more efficient, 

which inevitably leads to a greater modulus enhancement. The axial strain for 

such intercalated nanocomposites shows a very similar distribution, independent 

of the interphase modulus, Fig. 6.7(b). Nevertheless, the maximum axial strain of 

the PP matrix in intercalated RVE models is 4 times higher than that in exfoliated 

ones. Since intercalated RVE models result in a greater deformation in the large 

area of PP matrix as well as relatively small axial stress in clay inclusions, the 

modulus enhancement cannot be superior to that in an exfoliated structure. 

 

6.7 Effect of Staggering Factor on Tensile Modulus 

     As depicted in Fig. 6.8, the staggering factor fs plays a more important role in 

the reinforcement efficiency of exfoliated nanocomposites compared to those of 

intercalated ones with the fixed Wf =5 wt% and ti=2t. As expected, increasing the 

interphase modulus helps to promote Ec/Em in both intercalated and exfoliated 

nanocomposites. Moreover,  exfoliated nanocomposites yield larger tensile moduli  
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Fig. 6.8 Effect of staggering factor on the relative moduli: (a) exfoliated and (b) 

intercalated nanocomposites (Wf =5 wt%, ti=2t). 
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than intercalated ones in spite of the less significant modulus variation in terms of 

the interphase modulus, as mentioned earlier. More significantly, with increasing 

the staggering factor, exfoliated nanocomposites demonstrate dramatic 

enhancements of relative moduli Ec/Em (maximum up to 2.25 for Ei=2Em), as 

illustrated in Fig. 6.8(a). When fs=1, the relative moduli Ec/Em have achieved an 

improvement of over 25% compared to those at fs=0. On the other hand, the 

relative moduli of intercalated nanocomposites are not greatly altered in 

magnitude, signifying the independent effect of the staggering factor, Fig. 6.8(b). 

In fact, the deformation of the PP matrix can be mainly constrained by the 

surrounding clay particles as the rigid reinforcements. For the exfoliated RVE 

models at both the fixed clay aspect ratio and content, staggering effect can make a 

greater contribution to more restrictions of the PP matrix as opposed to the largely 

unaffected areas in the stack pattern, when subjected to the same macroscopic 

strain. Accordingly, the efficiency of modulus enhancement is greatly promoted 

for exfoliated structures by increasing the staggering factor. Nevertheless, in the 

case of the intercalated RVE models, their lateral distance (c=190 nm) is 10 times 

larger than that for the exfoliated ones (c=19 nm). As a consequence, the 

constraints resulting from clay particles as well as the staggering effect are 

tremendously diminished with a much larger deformation occurring in the PP 

matrix. As a result, the staggering factor becomes less significant for intercalated 

nanocomposites. This finding is in good accordance with the previous numerical 

results [75], which indicate that the tensile moduli of nanocomposites could be 

affected not only by the staggering factor but also the lateral distance between 

aligned clay platelets.  
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6.8 Effect of RVE Patterns on Tensile Modulus 

     In order to study the clay dispersion effect on the overall mechanical behaviour 

of nanocomposites, the influence of three aforementioned RVE patterns on the 

tensile modulus with Wf =5 wt% and ti=2t are demonstrated in Fig. 6.9. Symbols of 

“STK”, ‘STG” and “RAD” are identified as the stack, staggering (fs=1) and 

randomly distributed patterns, respectively. Furthermore, “ex” and “in” represent 

the exfoliated and intercalated RVE models. The random pattern is very close to 

the real morphology of nanocomposites apart from the assumption of well-aligned 

structures and constant aspect ratios of all clay particles.  It is suggested that the 

relative modulus Ec/Em for exfoliated nanocomposites is given by  
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Fig. 6.9 Effect of RVE patterns on the relative moduli of exfoliated and intercalated 

nanocomposites (Wf =5 wt%, ti=2t). 
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The different relationship for intercalated nanocomposites can be expressed as 
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6.9 Comparisons of RVE Modelling, Experimental Data and 

Theoretical Analyses 

     RVE modelling work based on the stack pattern (ti=2t) is compared with the 

experimental data obtained from PP-Hom H380F based nanocomposites (WR=1:2) 

and the composites theoretical models in terms of the intercalated and exfoliated 

structures, Figs. 6.10 and 6.11. Numerical results of exfoliated nanocomposites 

(L/t=100) display a narrow band of results amongst all RVE models with three 

various interphase moduli though the higher interphase modulus can result in a 

slightly greater modulus enhancement of nanocomposites, Fig. 6.10. Halpin-Tsai 

model and modified rule of mixture (MRF=0.66 [52]) might show the upper bound 

of exfoliated nanocomposites, whereas the modified Halpin-Tsai model 

(MRF=0.66) [52] and Hui-Shia model generate better predictions when compared 

to the numerical results. All the theoretical models overestimate the relative 

moduli Ec/Em in comparison to the numerical predictions. It is implied that the 

conventional micromechanical models for particulated composites might be no 

longer applicable to predict the stiffness of well exfoliated nanocomposites. Due to 

the manufacturing difficulty in achieving the full exfoliation in PP/clay 

nanocomposites, the experimental data for exfoliated structures of such 

nanocomposites are not available for comparisons with the numerical predictions 

and the theoretical models.  However, the numerical approach still demonstrates a 
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Fig. 6.10 Comparisons of relative moduli of exfoliated nanocomposites between 

RVE modelling results (L/t=100 and ti=2t) and theoretical analyses.  

 

very similar enhanced relative modulus trend with increasing the clay content, 

which can be taken as the typical reference for any further study. On the other 

hand, as presented in Fig. 6.11, numerical results of intercalated nanocomposites 

(L/t=10) are greatly diverged with the interphase modulus Ei=2Em giving the 

highest modulus enhancement. The least modulus enhancement by less than 5% is 

achieved for the intercalated RVE models with Ei=0.5Em. RVE models with Ei=Em 

have the best agreement with Hui-Shia model. Nevertheless, the experimental 

data appear to be more consistent with those predicted by the modified Halpin-

Tsai model (MRF=0.66) while RVE models with Ei=2Em fit Halpin-Tsai model 

quite well. RVE models with Ei=Em relatively underestimate the experimental data 
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Fig. 6.11 Comparisons of relative moduli of intercalated nanocomposites between 

RVE modelling results (L/t=10 and ti=2t), experimental data and theoretical 

analyses. 
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intercalated structure for RVE numerical modelling. In fact, the real morphology 
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from the general assumption of Ei=2Em, employed in the previous literature for 

modelling nylon 6/nanocomposites [76]. This result can be attributed to the 

addition of low molecular weight MAPP as the compatibiliser to reduce the 

interphase modulus since their short molecular chains are highly mobilised 

adjacent to clay platelet surfaces and interlayer areas [75]. More importantly, the 

higher MAPP content due to the negative matrix plasticisation effect, mentioned in 

Chapter 5, might further decrease the interphase modulus, thus damaging the 

modulus enhancement mechanism. Consequently, apart from the difficulty in the 

experimental measurement of interphase modulus, the use of parametric study 

still provides an essential guide for the qualitative evaluation of the interphase 

properties. Although RVE numerical modelling has successfully evaluated the 

fundamental material characteristic features of PP/clay nanocomposites for the 

prediction of tensile modulus, more explicit details related to the actual 

morphology of micro/nanostructures need to be supplemented, which will be 

presented later while using object-oriented finite element (OOF) analysis in 

Chapter 7. 
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_____________________________ 
Chapter 7 

                                                            Object-Oriented 
Finite Element Analysis 

_____________________________ 
 
“He who knows others is learned; he who knows himself is wise.” 
 

                                                                                                                   Lao-Tze 
 
7.1 OOF Overview 

     Although polymer/clay nanocomposites offer enormous opportunities to the 

novel material systems, an effective numerical modelling approach to predict the 

global properties from the thorough information of complex multiphase 

constituents is still at an early stage. It is well-known that the 

micro/nanostructures of clay platelets have a significant impact on the overall 

macroscopic material properties. As a result, the reproduction of actual 

nanocomposite morphology becomes a key issue to be associated with the 

numerical modelling approach in order to understand the fundamental 

mechanisms arising in such systems. 

     Since the addition of a small amount of clay particles as rigid nanofillers could 

significantly enhance the mechanical properties of PP/clay nanocomposites, 

especially the tensile modulus, computational models were established in this 

study using an object-oriented finite element (OOF) code, OOF 2.0.4 [78], 

developed by the National Institute of Standards and Technology (NIST), USA, to 

predict their tensile moduli at various clay contents. OOF 2.0.4 was installed in a
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Fedora Red Hat Core 4 Linux system. The finite element analysis was conducted 

on a Dell INSPIRONTM 8600 laptop with the Windows XP and Linux dual boot 

system using 1.6 GHz processors and 2 GB RAM. 

 

      

 

 

 

 
 

 

Fig. 7.1 Chart flow of OOF modelling procedure.  
 

     OOF can correlate the heterogeneous material structures, based on the real 

images, with the bulk physical properties. Furthermore, OOF normally deals with 

a complex small scaled and disordered system and includes details of 

microstructures such as particle size and shape, spatial arrangement and real 

orientation [77]. In general, the fundamental OOF modelling procedure consists of 

six major steps: (i) capture and map the real images such as SEM/TEM 

micrographs; (ii) assemble the material properties for each constituent; (iii) assign 

the material properties to the microstructure represented by the groups of pixels; 

(iv) generate the skeleton which is the only geometry of finite element (FE) mesh; 
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(v) create FE mesh with boundary conditions and mathematical equations and (vi) 

solve the models and evaluate the postprocessing results, Fig. 7.1. 

 
Table 7.1 User-defined OOF modelling unit system  

 
 
 
 

 

 

 

 

 

 

 

 

     The real images of PP/clay nanocomposites used for OOF modelling can be 

obtained from SEM/TEM micrographs which reveal the typical morphology of 

nanocomposites and clay dispersion states. The SEM/TEM micrographs with 

various clay contents were captured in a longitudinal loading direction and 

processed using Photoshop® 7.0 software to adjust their contrast and brightness 

for the best image quality. Subsequently, the region of interest for nanocomposite 

morphology was selected based on the microstructural features as well as the 

availability of the computational capacity in OOF modelling. In order to construct 

OOF models for a virtual simulation under the tensile load, 2-D plane stress 

hypothesis was made. As the simplest approach in a two-phase composite system, 

it  is  assumed  that  both  the  PP  matrix  and clay particles behave as linear elastic  

Parameter OOF Modelling Unit Unit Conversion 

Length nm nm 

Force nN (kg)(nm)/(s)2 

Time s s 

Mass kg kg 

Pressure GPa (kg)/(nm) (s)2 

Velocity nm/s nm/s 

Acceleration nm/s2 nm/s2 

Density kg/nm3 kg/nm3 

Stress  GPa (kg)/(nm) (s)2 

Young’s Modulus GPa (kg)/(nm) (s)2 
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Fig. 7.2 Typical example to create an OOF model of PP-Co M710 based 

nanocomposites (WR=1:1 and clay content: 5 wt%): (a) original SEM image, (b) 

representative region of the microstructure, (c) image segmentation using pixel 

selection and (d) finite element mesh. (highlighted regions contain clay particles 

and the rest is the PP matrix) 
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Fig. 7.3 Typical example to create an OOF model of PP-Hom H380F based 

nanocomposites (WR=1:2 and clay content: 5 wt%): (a) original TEM image for 

representative region of interest, (b) pixel selection in image segmentation and (c) 

finite element mesh. 
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materials with a perfect interfacial bonding between two constituents. Since the 

elastic deformation in this study is within 1% tensile strain, the aforementioned 

assumptions are sufficient to obtain the elastic properties of such nanocomposites. 

Moreover, owing to the lack of a designated unit system in OOF, the entry of 

parameters in any set of customised units can lead to the corresponding output 

results as long as the unit consistency is met. Thus, a user-defined non-standard 

unit system is listed in Table 7.1, which applies to the entire OOF modelling work. 

     Initially, a representative region of interest was selected from the acquired SEM 

and TEM micrographs for 5 wt% filled nanocomposites, illustrated in Figs. 7.2(a), 

7.2(b) and 7.3(a). Subsequently, in OOF preprocessor interface, the image 

segmentations using the pixel selection tool to assign the material properties of 

clay particles and the PP matrix are demonstrated in Figs. 7.2(c) and 7.3(b). The 2-

D finite element mesh was then created based on OOF “skeleton”, shown in Figs. 

7.2(d) and 7.3(c), thus displaying all the detailed micro/nanostructures of the 

inclusions with the actual size and shape, orientation and spatial position. 

Moreover, an adaptive mesh refinement was employed to refine the grids at the 

matrix-particle interfaces where the highest stress gradients could arise, and thus a 

high degree of refinement might be required to precisely capture fluctuations in 

the stress and strain fields [84]. 

 

7.2 Image Segmentation 

     The process of image segmentation is quite important for an accurate OOF 

modelling of a microstructure. Its function is to separate the microstructure into 

individual gray-scaled phases, corresponding to distinct physical properties prior 
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to FE meshing. Microstructure is a fundamental object in OOF based on the real 

captured digital micrographs or images. It comprises both the physical size (i.e. 

the size of a real microstructure) and pixel size (i.e. the number of pixels along a 2-

D microstructure). Consequently, pixel selection in this study has been 

implemented mainly  using  a  burn  tool  which  can  select  sets  of  contiguous  

pixels to represent adjacent regions of inclusions within a specific gray-scale range. 

In other words, a burn algorithm starts at a given pixel and spreads outward like a 

relatively benign forest fire, selecting pixels as it goes [77], Fig. 7.4(a). However, 

small holes (i.e. a few unselected pixels) might be left in the pixel selection due to 

the imperfections of the micrographs, which can be compensated for by using a 

modifying tool expand that selects all the pixels within a specified distance of the 

current set of selected pixels, Fig. 7.4(b). 

 
 

 

  

 

 

                                (a)         (b) 

 
 
Fig. 7.4 Pixels of a typical region selected using (a) burn and (b) expand tools. The 

selected pixels are highlighted in red with the burn starting from a pixel near the 

centre of the red region and the expand filling the small holes [77]. 
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Fig. 7.5 Pixel selection using a brush tool with a circle style [78]. 

 

      The artefacts between two constituent phases and those due to the image-

captured perspective, contrast and brightness problems in the processed 

micrographs were attempted to be minimised so that a more precise 

representation of the microstructure could be obtained. As another supplementary 

treatment, a brush tool with a circle style in the range of radius between 1 and 10 

nm was also performed, particularly for some irregular or not fully-covered 

constituents by the burn tool. Fig. 7.5 gives an example of the pixel selection using 

this brush tool. 

 

7.3 Assignment of Material Properties  

     After creating the pixel groups for each constituent phase, the user can assign 

material properties and a corresponding grayscale value to them by a materials tool 
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to form a material image. A material image comprises the properties of two 

constituents (i.e. clay particles and the PP matrix), assigned to the micrographs 

and represented by two different colours in both Figs. 7.2(c) and 7.3(b).  

 
 Table 7.2 Constituent properties of PP/clay nanocomposites in OOF modelling 

   Note: † d001 values were obtained from Tables 5.1 and 5.2 for PP-Co M710 based nanocomposites (WR=1:1) 

and PP-Hom H380F based nanocomposites (WR=1:2), respectively. 

 

     In this study, only isotropic elastic material properties were assigned with the 

elastic constants of Young’s modulus and Poisson’s ratio as well as material 

densities, shown in Table 7.2. In this simple approach, the equivalent Young’s 

modulus of clay particles was approximated on average due to the small 

discrepancies of the interlayer spacings for PP/clay nanocomposites at various 

clay contents, particularly for PP-Hom H380F based nanocomposites (WR=1:2), as 

demonstrated in Fig. 6.3.  Such calculation is based on Equation (6.3) to only 

consist of multiple organically modified clay platelets aligned with the particle 

major longitudinal axis [22, 105]. In a real case, both aligned and skewed clay 

particles exist with the mix of intercalation and exfoliation though intercalation is 

more prevalent in PP/clay nanocomposites. However, the calculation of actual 

Young’s modulus of clay particles could be very tedious and thus beyond the 

scope of this work.  

PP Matrix Clay Particles Material 
Parameter PP-Co 

M710 
PP-Hom 
H380F DK2 DK4 

 
References 

Young’s  Modulus 
(GPa) 1.66* 1.76* 68.1a 48.3b 

* Experimental data for the 
PP matrix; a,b Calculated on 
average from Equation (6.3) 
based on measured (d001)† 

Poisson’s Ratio 0.35 0.35 0.26 0.26 [22, 105] 

Density (g/cm3) 0.9 0.9 1.8 1.8 Material Data Sheet 
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7.4 Skeleton and Finite Element Mesh  

     A skeleton is a bare-bone object or essentially discretised geometric 

representation of a microstructure which only contains the geometric information 

about a mesh. Making a skeleton is a pre-step of a finite element mesh which is 

created by adding muscles (material properties) and internal organs (mathematical 

properties like solving equations and fields, finite element shape function) [78]. It 

normally consists of elements (triangular or quadrilateral shapes), nodes, 

segments and boundaries to apply certain boundary conditions, displayed in Fig. 

7.6. 

      

 

 

 

 

 

 

 
Fig. 7.6 Anatomy of a skeleton (the green circles mark the nodes, the thin lines are 

segments, thick lines are boundaries and the spaces between the lines are 

elements) [78]. 

 

     When a finite element mesh is created, skeleton elements are automatically 

converted into mesh elements in OOF. The initial mesh is a regular array of right 

triangular or quadrilateral elements regardless of the microstructure shapes and 

homogeneity. Then an “adaptive meshing” scheme [79] is used to subdivide the 
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elements and move the nodes to conform to the microstructure. This scheme 

minimises an energy function of the mesh E from a mesh of triangular elements 

superimposed on a set of pixels. 

 
Fig. 7.7 Energy functional approach used during mesh generation: (a) shape 

component Eshape and (b) homogeneity component Ehom [79]. 

 

     This energy function is composed of two components, namely a shape 

component Eshape and a homogeneity component Ehom, Fig. 7.7. The contribution to 

Eshape for an element is minimum when the triangular element is equilateral¸ so 

Eshape increases as the shape of the triangle deviates from that of an equilateral 

triangle, shown in Fig. 7.7(a). The contribution to Ehom for an element is minimum 

by refining the mesh when each element encompasses only a single phase (gray 

scale), Fig. 7.7(b). 

     The total energy function parameter E [78, 79] thus can be written as the sum of 

two energy terms for each triangular element in Equation (7.1): 

          shape0hom0 EαEαE )(1−+=                                            (7.1) 
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where 0α is a tunable parameter between 0 and 1, and Ehom and Eshape are the 

functions, depending on the elements’ homogeneity and shape, respectively. 

When 0α =0, the triangles tend to be equilateral with the provision of good finite 

element convergence properties. However, their positions may not correspond to 

the nature of a material microstructure. When 0α =1, the mesh triangles tend to be 

highly acute because of the movement of the nodes to put the triangle edges on the 

material boundaries. In particular, where the increase of interfacial area between 

phases occurs, a lower 0α  value should be used to decrease the contribution of 

Ehom, and thus to increase that of Eshape. In practice, 0α =0.3 is often applied by 

convention.  

     The homogeneity energy term Ehom is computed by separating the pixels in the 

material image into N categories where all the pixels in each category have the 

same material type and parameter and belong to the same pixel groups. Then the 

area fraction )(Tai for each mesh triangle T is computed including pixels of a given 

gray scale i . Therefore, homogeneity energy function Ehom [78] is defined by 

Equation (7.2) 
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If a triangular element is homogeneous, covering only one type of pixel, then 

1=(T)ai  for some i and no contribution is made to Ehom by that triangle. If a 

triangle contains the equal area of each pixel category, then 
N

(T)ai
1

= for all i and 

that triangle’s contribution to Ehom  is the maximum value of 1. 
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     The shape energy term Eshape [78] in Equation (7.1) is then defined by 
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where TA is the area of triangle T and TL is its perimeter. For each triangle, Eshape=0 

if it is equilateral and Eshape=1 if all three vertices are collinear with the area of the 

triangle vanishing. 

      Initially, the mesh was generated beginning with the superposition of a 

symmetric grid of right triangular or quadrilateral elements over the 

micro/nanostructure. Due to the critical interfacial areas between the constituents, 

the finer mesh was required at those interfaces, and the mesh was refined until the 

elements conformed to a given interface in the microstructure, Figs. 7.2(d) and 

7.3(c). Furthermore, the coarse mesh was applied where the constituents with the 

same material type were located. This adaptive mesh refinement helps to decrease 

the total number of elements by only dividing the interface elements so that the 

computational time during the simulation can be reduced. Several mesh 

techniques have been used in the current FE mesh which include the threshold 

energy to allow for the doubled elements with an energy above the threshold 

values on the basis of material homogeneity and shape considerations. The final 

desirable mesh should achieve the homogeneity index close to 1, but not greatly 

sacrifice the shape of the micro/nanostructure. Due to the direct transformation 

from skeleton elements to mesh elements, the refinement in this study mainly took 

place in the skeleton modification stage with the applied methods listed in Table 

7.3.  
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Table 7.3 Applied methods in skeleton modification  

 

7.5 Simulation and Boundary Conditions 

     After meshing of the micro/nanostructure, in-plane displacements were 

selected to constrain the displacement field in the x-y plane, and Force_Balance 

equation was activated for the linear solver. As depicted in Figs. 7.2(d) and 7.3(c), 

the boundary conditions of a representative region of interest were applied so that 

the displacements x and y on the left boundary could be fully constrained and 

only displacements x were employed on the right boundary, equal to 0.05% and 

0.25% strain, which are very similar to those employed in RVE modelling in 

Chapter 6.  

 

7.6 Prediction of Effective Tensile Modulus  

     After the simulation, the effective tensile moduli of investigated PP/clay 

nanocomposites were predicted from the calculated reactions caused by the in-

plane stretching of OOF models, namely the sum of the boundary forces acting on 

Applied method Purpose 

Refine Element subdivisions 

Snap Nodes Nodes movement directly to pixel boundaries 

Rationalise Fixture of badly shaped elements in a skeleton 

Anneal Random nodes movement by accepting the ones that meet the 
acceptance criterion 

Swap Edges Rearrangement of internal edges in pairs of neighbouring 
elements 

Merge Triangles Mergence of neighbouring homogeneous triangles to form 
quadrilaterals 

Smooth Nodes movement to the average position of their neighbours 
by accepting ones that meet the acceptance criterion 
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the right boundary of OOF models in Boundary Analysis of the post processing 

interface. The relevant formula for the effective tensile modulus is expressed as  
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y

n

i
ix

eff Δ
=

∑
=

'

1                                                (7.4) 

where Fi is the reaction in the ith node in the x direction. n’ is the set number of 

boundary nodes under the nonzero displacement condition. ΔL is the prescribed 

in-plane displacement, and Lx and Ly are the horizontal and vertical dimensions of 

the model. In a simplest case, unit thickness and plane stress conditions are 

assumed to calculate the resulting tensile stress for the estimation of the elastic 

modulus. 

 

7.7 Post Processing  

7.7.1 PP-Co M710 Based Nanocomposites  

7.7.1.1 Tensile Modulus  

     OOF modelling results based on SEM micrographs of PP-Co M710 based 

nanocomposites (WR=1:1) are demonstrated along with the experimental data and 

composites theoretical models, Fig. 7.8. Both modelling results and experimental 

data have been satisfied within the Voigt upper bound and Reuss lower bound, 

the general limits for the elasticity of multi-phase composites. Modelling results 

obtained from SEM micrographs have a fairly good agreement with the 

experimental data despite the slight overestimates of tensile moduli, particularly 

for 1 wt% and 10 wt% filled nanocomposites. The possible reason might be  

attributed   to  the   fact  that this study ignores the low molecular weight MAPP as 
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Fig. 7.8 Prediction of tensile moduli of PP-Co M710 based nanocomposites 

(WR=1:1) at various clay contents. 

 

the compatibiliser and the interphase between clay particles and the PP matrix, 

both of which could lead to the different mechanical properties. In addition, low 

contrast and poor phase distinction are apparently shown between clay particles 

and the PP matrix. As a consequence, the artefacts in the image segmentation 

could also result in the inaccurate meshing and assignment of material properties 

based on the size and distribution of selected pixels. On the other hand, the 

microstructural region of interest in OOF modelling becomes relatively subjective 

for the clay contents of 1 wt% and 10 wt% due to their non-uniform clay 

dispersion by the initial pulse feeding and clay agglomeration, respectively [140, 

141]. 
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     OOF modelling results are also compared with composites theoretical models 

at two fixed aspect ratios (L/t=10 and 100), the thresholds of intercalated and 

exfoliated structures [48], respectively. It is suggested that a high level of 

intercalation is more prevalent due to a much closer relationship of experimental 

and numerical results with the theoretical predictions at L/t=10. Furthermore, both 

Hui-Shia model and modified Halpin-Tsai model (MRF=0.66) [52] curves with 

L/t=10 give the relatively good agreement with the experimental data and OOF 

modelling (SEM) results in comparison to the corresponding Halpin-Tsai model. 

In addition, it appears that introducing a modulus reduction factor (MRF) of 0.66 

in modified Halpin-Tsai model shows more effective prediction for tensile moduli 

of PP/clay nanocomposites due to the consideration of less unidirectional 

reinforcement effect in 2-D disk-like platelet geometry. 

 

7.7.1.2 Effect of Particle Distribution  

     In order to understand the deformation mechanism of PP-Co M710 based 

nanocomposites (WR=1:1), stress contours (σxx) under an applied uniaxial strain of 

0.25% in OOF modelling work are demonstrated in Fig. 7.9, which contain 

different particle distributions, resulting from various clay contents between 1 

wt% and 10 wt%. Evidently, higher stresses have been observed within the clay 

particles or around the PP matrix immediately adjacent to the particles, which 

reveals the classical shear lag mechanism of the load transfer from the matrix to 

particles. Furthermore, less variation of the stress distribution takes place in Figs. 

7.9(b) and (c) due to the uniform clay dispersion within the PP matrix in 3 wt% 

and 5 wt% filled nanocomposites. On  the other hand, it is  expected that the  stress  
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Fig. 7.9 Uniaxial stress (σxx) contours of PP-Co M710 based nanocomposites 

(WR=1:1) with various clay contents ( xU =0.25% strain): (a) 1 wt%, (b) 3 wt%, (c) 5 

wt% and (d) 10 wt%. 
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Fig. 7.10 Elastic tensile strain (εxx) contours of PP-Co M710 based nanocomposites 

(WR=1:1) with various clay contents ( xU =0.25% strain): (a) 1 wt%, (b) 3 wt%, (c) 5 

wt% and (d) 10 wt%. 
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concentrations appear at the sharp corners of clay particles along the axial loading 

direction. Furthermore, stress concentrations can also be seen in the clustered 

regions where the clay particles are close to each other. Typical region A in Fig. 

7.9(d) demonstrates a local intensified maximum stress of over 0.29 GPa for the PP 

matrix between two large clay clusters. As a result, the PP matrix in the clustered 

regions tends to yield at much lower levels of applied macroscopic stresses, which 

can inevitably result in the onset of clay particle cracking or failure, initiating the 

damage of PP/clay nanocomposites [79, 142]. 

     The elastic strain contours (εxx ) are also clearly demonstrated in Fig. 7.10. Since 

the clay particles, as platelet inclusions, are far more rigid than the PP matrix, the 

elastic strains become much lower inside clay particles, indicating that the most 

constraints on the matrix are caused by the surrounding particles [142]. In a 

similar way, higher levels of elastic strains have been detected around the sharp 

edges of clay particles again in the parallel loading direction. The distribution of 

elastic strains in the homogeneous microstructures of 3 wt% and 5 wt% filled 

nanocomposites are much more uniform than that in the clustered microstructure 

of 10wt% filled nanocomposites. This finding, in view of the deformation 

mechanism, could explain the importance of clay dispersion in the PP matrix and 

the deterioration effect of clay clusters in the corresponding nanocomposites. 

 

7.7.2 PP-Hom H380F Based Nanocomposites  

7.7.2.1 Tensile Modulus  

     Since the orientation of clay particles has a significant influence on the elastic 

modulus in addition to the aspect ratio and shape parameter [22, 143], OOF 
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modelling results based on TEM micrographs of PP-Hom H380F based 

nanocomposites (WR=1:2) are compared with related experimental data and 

typical Halpin-Tsai and Hui-Shia models with both unidirectional platelet 

alignment and 3-D random platelet orientation, Figs. 7.11 and 7.12. As can be seen, 

the modelling results well capture the linear increasing trend of tensile modulus 

with an increase of the clay content, in reasonable accordance with the 

experimental data except for the less significant overprediction. As previously 

discussed, this overprediction can be related to neglect of the compatibiliser and 

interphase properties as well as the artefacts and phase distinction problem in 

image processing. Furthermore, the other major reason lies in the limitation of 

OOF modelling to only assume the perfect bonding condition at the interface, 

which might not be the case for PP/clay nanocomposites since polyolefin 

nanocomposites really lack this strong adhesion with only weak van der Waals 

forces existing in the interlayers of clay particles [124].   

     The experimental data have also fitted composites theoretical models at various 

aspect ratios between 5 and 80 due to the presence of prevalent stacks of 

intercalated platelets within the PP matrix. It is worth mentioning here that the 

unidirectional alignment state relies on the theoretical calculations of unmodified 

Halpin-Tsai and Hui-Shia models in Equations (2.17) and (2.27), respectively, 

whereas  3-D  random  orientation  state  is  on  the  basis  of  Halpin-Tsai  laminate 

hybrid and Hui-Shia laminate hybrid models obtained from Equations (2.17), 

(2.27), (2.28) and (2.32). Apparently, each curve for the random orientation lies 

below the corresponding curves for the unidirectional alignment owing to the 

practical   standpoint  in  conventional   composites  theory   that   deviations  from 
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Fig. 7.11 Comparisons of experimental data, OOF modelling (TEM) results and 

composites theoretical models: (a) Halpin-Tsai model and (b) Halpin-Tsai laminate 

hybrid model for PP-Hom H380F based nanocomposites (WR=1:2). 
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Fig. 7.12 Comparisons of experimental data, OOF modelling (TEM) results and 

composites theoretical models: (a) Hui-Shia model and (b) Hui-Shia laminate 

hybrid model for PP-Hom H380F based nanocomposites (WR=1:2). 
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unidirectional reinforcements inevitably lead to the sizeable reductions in 

composite stiffness, the extent of which can be dependent on the filler shape [22]. 

As a result, such modulus reduction phenomenon due to the different filler 

orientation states becomes more pronounced for Halpin-Tsai laminate hybrid 

model in comparison to the unmodified Halpin-Tsai model which mainly deals 

with discontinuous fibre-like fillers, Fig. 7.11. However, it shows less significant 

influence on Hui-Shia laminate hybrid model in Fig. 7.12, as compared to 

unmodified Hui-Shia model for the disk-like platelet filler geometry with the 

biaxial reinforcement. It should be pointed out that platelets do not tend to be as 

sensitive as fibres to the orientation states, which can benefit the nanocomposite 

system requiring an effective multi-directional reinforcement. 

  
 Table 7.4 Curve-fitting aspect ratios between experimental data and composites 

theoretical models for PP-Hom H380F based nanocomposites (WR=1:2) 

    

 
 

     As shown in Table 7.4, the experimental data with a low clay content below 5 

wt% lie within all the theoretical models at relatively large aspect ratios compared 

to those with a high content level (8-10 wt%). This is due to the fact that with 

increasing the clay content, the number of clay particles is also increased, 

                                                   Aspect Ratio (L/t) Clay 
Content 
(wt%) Halpin-Tsai 

Model 
Halpin-Tsai Laminate 

Hybrid Model 
Hui-Shia  

Model 
Hui-Shia Laminate 

Hybrid Model 

3 10 40 20-40 ~40 

5 5-10 ~20 ~20 20-40 

8 ~5 ~15 ~15 20 
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inevitably resulting in smaller aspect ratios with possibility of clay tactoids 

(observed in corresponding TEM micrographs in Chapter 5). In order to achieve 

the same modulus at a given clay content, higher aspect ratios are required in 

Halpin-Tsai laminate hybrid and Hui-Shia laminate hybrid models to compensate 

for the modulus reduction due to the 3-D random filler orientation. For instance, at 

the clay content of 3 wt%, the aspect ratios fitting these two models for such 

nanocomposites are observed to be around 40 in contrast to 10 in Halpin-Tsai 

model and 20-40 in Hui-Shia model. More interestingly, Halpin-Tsai laminate 

hybrid model and unmodified Hui-Shia model show very similar curve-fitting 

aspect ratios beyond the clay content of 3 wt%, which might arise from the fibre-

like filler random orientation, thus enhancing the possibility of biaxial 

reinforcement effect. 

 

7.7.2.2 Effect of Particle Distribution 

     The effect of the dispersion of clay platelets for PP-Hom H380F based 

nanocomposites (WR=1:2) was also investigated from the uniaxial stress contours 

(σxx) subjected to 0.25% elastic strain, Fig. 7.13. As expected, the tensile stresses 

become much lower in the PP matrix region free of clay particles while the higher 

stresses are often demonstrated around the interfacial area between clay particles 

and the PP matrix.  This is in good agreement with the previous OOF numerical 

results, showing that the interface in nanocomposites plays an important role in 

the effective load transfer from the matrix to fillers. Furthermore, increasing the 

clay content from 3 wt% to 10 wt% can also lead to the stress enhancement on the 

PP matrix  due  to the  more frequent  particle-to-particle contact when the number  
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 Fig. 7.13 Uniaxial stress (σxx) contours of PP-Hom H380F based nanocomposites 

(WR=1:2) with various clay contents ( xU =0.25% strain): (a) 3 wt%, (b) 5 wt%, (c) 8 

wt% and (d) 10 wt%. 
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Fig. 7.14 Elastic tensile strain (εxx) contours of PP-Hom H380F based 

nanocomposites (WR=1:2) with various clay contents ( xU =0.25% strain): (a) 3 wt%, 

(b) 5 wt%, (c) 8 wt% and (d) 10 wt%. 
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of clay particles increases and the interparticle spacing inevitably decreases. The 

stress intensification phenomenon is manifested again at the sharp edges of clay 

particles, acting as the stress concentration sites, especially where the platelets are 

tailored to be well-aligned with the loading direction. Similarly, the localised high 

stress concentration has also been found in the regions with the increasing number 

of particles to contact, which appears to be more significant for such 

nanocomposites containing a higher clay content (8-10 wt%), Figs. 7.13(c) and (d). 

The orientation state of clay particles, on the other  hand,  can  also  substantially  

influence  the  local  stresses  in  a  unidirectional tensile mode. As clearly seen in 

region B, Fig. 7.13(a), clay particles with a more favourable alignment along the 

loading direction undergo higher stresses compared to the particles that are 

almost perpendicular to the applied load in region C. This finding also supports 

the key point in the general composite theories that the variations of composite 

strength and modulus along the longitudinal and transverse direction are due to 

the preferential orientation of the fillers. As a result, good alignment of clay 

particles associated with high aspect ratios within the PP matrix should be very 

crucial for the effective stress transfer in a nanocomposite system, which, from a 

practical point of view, is diminished in the real morphology of nanocomposites 

owing to various degrees of the random orientation of clay particles. The high 

localised stress field around clay particles apparently induces the possibility of 

nanocomposite failure and damage, especially at the higher clay content, resulting 

from the clay particle clustering and contact increment.  

     The corresponding elastic strain contours (εxx) for the local deformation 

behaviour are illustrated in Fig. 7.14. Since rigid fillers such as clay particles can 
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naturally resist the deformation (i.e. straining) due to their high modulus, the 

elastic strains of all clay particles become relatively small compared to those of the 

PP matrix, irrespective of the clay content in such nanocomposites. PP matrix 

regions that are full of clay particles indicate the higher strains parallel to the 

loading direction. Apart from the clay intercalated structures, large particle size 

and close particle contact promote a greater deformation level within the PP 

matrix in the vicinity of clay particles, where the weak zones are developed 

leading to mechanical failure. On the contrary, the particle-free PP matrix becomes 

less deformed, and more inhomogeneous elastic strain distributions are clearly 

observed with increasing the clay content. In this study, OOF modelling results 

clearly point out the reasons for the poor mechanical properties are often 

associated with the particle agglomeration for nanocomposites with higher clay 

contents. They also highlight the importance of properly processing 

nanocomposites and getting better clay particle distributions. 
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_____________________________ 
Chapter 8                         

                                 Conclusions 
_____________________________ 
  
“He who asks a question is a fool for a minute; he who does not remains a fool forever.” 
 

Chinese Proverb 
 
8.1 Material Formulations 

     The material formulations statistically determined in this study provide some 

insight to the selection of appropriate materials and their proportions in order to 

achieve better performances (guided by the end usage) of PP/clay 

nanocomposites. Taguchi design of experiments method has been found to be a 

very effective approach for selecting suitable manufacturing conditions to achieve 

enhancement of mechanical properties of such nanocomposites. Recompounding 

process at a relatively low screw speed can retain or improve their overall 

mechanical properties. This twice direct compounding extends the residence time 

and allows a better clay dispersion in PP matrices. Furthermore, the preferred 

combinations of factors to enhance each of tensile, flexural and impact properties 

have been determined using Pareto ANOVA. Evidently, PP type plays a most 

significant role in the enhancement of overall mechanical properties, expectedly 

low viscosity PP-H380F being the most favourable grade. In addition, clay content 

has been identified to be the second significant factor for enhancing tensile and 

flexural properties. The increase of clay content mainly allows the modulus 

improvement, and the impact strength is conversely reduced due to clay
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aggregation. Both the clay type and MAPP content have been determined as two 

non-significant factors in relation to the tensile and flexural properties. Due to the 

greater interlayer spacing for better intercalation, DK4 organoclay can be selected 

as the favourable clay type in the preferred formulations. The non-significant 

effect of MAPP content may be attributed to the MAPP grade used in this study. 

Since it has a low molecular weight, short length chains of MAPP penetrate into 

clay platelets, leading to the limited increase of interlayer spacing. In addition, any 

excessive amount of MAPP causes less further enhancements of tensile and 

flexural properties of PP/clay nanocomposites, and the reason could lie in the 

negative matrix plasticisation effect of MAPP, which softens the prepared 

nanocomposites and competes with the good clay dispersion effect. Nevertheless, 

MAPP content shows a very strong effect on the impact properties as the second 

significant factor (after PP type), and a high MAPP content worsens the impact 

strengths of nanocomposites.  

     Overall nanocomposite formulations have then been determined based on the 

compounding methods, PP viscosity, clay type and content, and MAPP content to 

have a comprehensive understanding of the processing-microstructure-mechanical 

properties relationship of PP/clay nanocomposites. 

 

8.2 Experimental Characterisation 

     Both XRD and TEM analyses have been performed on the intercalation effect 

and clay dispersion level of PP/clay nanocomposites. Prevalent intercalation with 

the localised exfoliated structure has been detected though some degree of clay 

collapse structure can also take place, possibly due to the surfactant degradation at 
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a relatively high temperature profile or some clay particle compaction. In addition, 

the clay dispersion is more uniform up to a clay content of 5 wt% in the presence 

of MAPP as the compatibiliser, whereas clay particles tend to agglomerate at high 

content levels (8-10 wt%). The investigation on the fracture morphology of 

PP/clay nanocomposites using SEM analysis suggests a sufficient amount of 

MAPP can greatly improve the interfacial interactions and the clay dispersion, 

which are two associated factors on the enhancement of mechanical properties.  

     As for the mechanical properties of PP/clay nanocomposites, both tensile and 

flexural moduli are enhanced with the addition of organoclay, the extent of which 

depends on the selected grade of polypropylene material. For HMW PP-Co M710 

based nanocomposites, the tensile modulus is increased by 13% beyond the clay 

content of 5 wt%, and the flexural modulus is improved by maximum 24% with 10 

wt% organoclay. More remarkably, LMW PP-Hom H380F based nanocomposites 

have achieved significant enhancements of tensile and flexural moduli by 41% and 

61% for the first formulation (WR=1:2) as well as 60% and 68% for the second 

formulation (fixed MAPP content: 6 wt%) with 10 wt% organoclay. Furthermore, 

the retention of tensile and flexural strengths has been observed in PP-Co M710 

based nanocomposites regardless of the clay content while the tensile and flexural 

strengths of PP-Hom H380F based nanocomposites are increased by maximum 

16% and 22%, respectively in the case of the first formulation (WR=1:2). They go 

up by 21% and 35%, respectively for the second formulation (fixed MAPP content: 

6 wt%). Such strength improvement again results from a better interfacial bonding 

effect between organoclay and the PP matrix. However, the impact strength is 

decreased with increasing the clay content due to clay agglomeration at high 
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content levels and induced brittleness by the addition of MAPP. The impact 

strength of PP-Co M710 based nanocomposites is drastically reduced by 55% with 

increasing the clay content up to 10 wt%, whereas with a less severe decreasing 

trend, PP-Hom H380F based nanocomposites achieve significant improvements 

(by over 50%) of impact strengths with up to 3 wt% organoclay, resulting from a 

uniform clay dispersion. The effect of MAPP content on the mechanical properties 

of PP-Hom H380F based nanocomposites demonstrates that a high MAPP content 

above the saturation level could deteriorate the overall mechanical properties, 

which again confirms that an excessive amount of MAPP might work as the 

plasticiser only and lose its compatibilising role.  

     Wide angle XRD analysis has also been carried out to characterise the 

crystalline structures of PP/clay nanocomposites. When compared to the 

corresponding neat PP, the same number of XRD peaks has been observed 

regardless of the used PP grade materials. This phenomenon happens despite the 

different relative peak intensities, which signifies that the addition of organoclay 

does not alter the crystalline structures of nanocomposites. PP-Co M710 based 

nanocomposites show both α -PP and β -PP crystalline structures, and β (300) 

peak intensities are greatly reduced with increasing the clay content, leading to 

worse impact properties. Nevertheless, α -PP formation has been found mainly in 

PP-Hom H380F based nanocomposites, and particularly peak intensities of α (040) 

are considerably enhanced, resulting in the improvement of tensile modulus and 

better tensile strength at yield. Moreover, it is evident that the excessive amount of  

MAPP hinders the growth of α -PP, thus lowering the tensile properties of such 

nanocomposites with a high MAPP content. 
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     The melting and crystallisation behaviour of PP/clay nanocomposites has been 

investigated using DSC analysis. Similar melting temperatures to that of neat PP 

have been found regardless of the clay content, processing method and PP 

viscosity, indicating little effect of the addition of organoclay into the PP matrix on 

the melting behaviour. Overall, PP-Hom H380F based nanocomposites show the 

higher crystallisation temperatures and slightly better enhancement levels of 

crystallinity than PP-Co M710 based nanocomposites in comparison to the 

corresponding neat PP. It seems that organoclay plays a more significant role as 

the nucleating agent in PP-Hom H380F based nanocomposites, which leads to 

their greater enhancements of mechanical properties. However, an excessive 

amount of MAPP with low crystallinity is detrimental to such positive nucleating 

effect, and a good balance needs to be achieved between the amounts of 

organoclay and MAPP to facilitate the crystallisation of PP/clay nanocomposites.  

     DMTA measurements reveal that the addition of organoclay can contribute to 

the reinforcement effect by increasing the elastic modulus E’. PP-Co M710 based 

nanocomposites achieve the moderate reinforcement level with the enhancement 

of E’ being less than 20% below Tg, which is dramatically diminished in the 

rubbery plateau. On the contrary, more significant reinforcement effect has been 

observed in PP-Hom H380F based nanocomposites with the modulus 

improvement of over 40% at a high clay content (8-10 wt%) and temperatures 

below Tg. Such tendency is conversely well maintained at a low clay content (≤ 5 

wt%) in the rubbery plateau. It is also verified that the excessive amount of MAPP 

as a soft plasticiser can reduce the thermo-mechanical properties of PP-Hom 

H380F based nanocomposites. The glass transition temperatures (Tg) of most 
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nanocomposites are increased compared to that of the corresponding neat PP, 

implying that these nanocomposites benefit from the intercalation structures 

which restrict the mobility of PP molecular chains. 

 

8.3 Numerical Modelling  

     2-D three-phase RVE models with 3x3 array domains have been evaluated with 

complete exfoliated and intercalated structures (L/t=100 and 10, respectively) in a 

well-aligned formation to predict tensile moduli of PP/clay nanocomposites in 

terms of the clay aspect ratio and content, clay platelet RVE patterns and 

interphase properties. It is confirmed that exfoliated nanocomposites have much 

higher tensile moduli compared to those of intercalated ones. The influence of 

interphase properties on the modulus enhancement of exfoliated nanocomposites 

appears to be less significant than that for intercalated ones. The efficiency of 

modulus enhancement in intercalated nanocomposites does not rely heavily on 

the staggering factor and RVE patterns because of a much larger lateral distance 

between aligned clay platelets to promote the deformation of the PP matrix. 

Comparisons of RVE modelling results with composites theoretical models and 

experimental data of PP-Hom H380F based nanocomposites (WR=1:2) suggest that 

Hui-Shia and modified Halpin-Tsai models can still provide reasonable 

agreements with numerical and experimental results for intercalated 

nanocomposites. However, all the theoretical models overpredict the numerical 

results obtained from exfoliated nanocomposites. Due to the presence of MAPP as 

a compatibiliser, the empirical relationship of Em<Ei<2Em has been found for the 

interphase modulus of intercalated nanocomposites, which is quite different from 
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doubled polymer modulus (Ei=2Em) used by other researchers while modelling 

nylon 6/clay nanocomposites. 

     Object-oriented finite element (OOF) analysis has also been successfully 

implemented to predict tensile moduli of PP/clay nanocomposites and 

understand particle distribution effects on the deformation mechanisms under 

linear elastic conditions. Both SEM and TEM morphological image approaches, 

based on mapping the real micro/nanostructures, have been found to be effective 

in the prediction of tensile modulus apart from the artefacts and phase distinction 

problems. For PP-Co M710 based nanocomposites (WR=1:1), OOF modelling 

results based on SEM micrographs and experimental data show the dominant role 

of intercalated structures and are in better agreement with Hui-Shia and modified 

Halpin-Tsai models (L/t=10). Similarly, OOF modelling results based on TEM 

micrographs of PP-Hom H380F based nanocomposites (WR=1:2) are in reasonable 

accordance with the corresponding experimental data, suggesting even better 

reinforcement effect. The orientation of clay particles also makes a great impact on 

tensile moduli of PP/clay nanocomposites. The modulus reduction is more 

significant in Halpin-Tsai laminate hybrid model, as compared to unmodified 

Halpin-Tsai model for the fibre-like filler geometry. Its influence due to different 

orientation states becomes less severe when Hui-Shia laminate hybrid model and 

unmodified Hui-Shia model are considered, mainly benefiting from the biaxial 

reinforcement in platelet filler geometry. Moreover, the study of particle 

distribution in the micro/nanostructures suggests that expectedly a uniform clay 

dispersion is more favourable as clay clusters can lead to the localised stress 

concentrations, thus making nanocomposites more prone to crack initiation. 
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_____________________________ 
Chapter 9                         

Achievements  
and Future Work    

_____________________________ 
  
I am always willing to learn, however I do not always like to be taught. 
 

 Winston Churchill 
 

9.1 List of Achievements 

Journal Papers  

• Y. Dong and D. Bhattacharyya, “Investigation on the competing effects of clay 

dispersion and matrix plasticisation for polypropylene/organoclay 

nanocomposites” in preparation for Journal of Composites Science and Technology.  

• Y. Dong and D. Bhattacharyya, “Morphological-image analysis based numerical 

modelling of organoclay filled nanocomposites” Journal of Mechanics of Advanced 

Materials and Structures (in press). 

• Y. Dong and D. Bhattacharyya, “Effects of clay type, clay/compatibiliser content 

and matrix viscosity on the mechanical properties of polypropylene/organoclay 

nanocomposites”, Journal of Composites Part A: Applied Science and Manufacturing 

39 (2008), p. 1177-1191. 

• Y. Dong, D. Bhattacharyya and P. J. Hunter, “Experimental characterisation and 

object-oriented finite element modelling of polypropylene/organoclay
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 nanocomposites”, “Nanocomposites” special issue, Journal of Composites Science and 

Technology (in press), available online 30 October 2007. 

• Y. Dong, D. Bhattacharyya and P. J. Hunter, “Characterisation and object-

oriented finite element modelling of polypropylene/organoclay 

nanocomposites,” Key Engineering Materials (Special Issue-“Advances in Composite 

materials and Structures”), Vols. 334-335  (2007), p. 841-844. 

 

   Conference Papers 

• Y. Dong and D. Bhattacharyya, “Morphological-image analysis based numerical 

modelling of organoclay filled nanocomposites”, International Conference on 

Multiscale Modelling and Simulation (ICMMS’08), Indian Institute of Science, 

Bangalore, India, January 2-4, 2008. [#CD-ROM] 

• Y. Dong, D. Bhattacharyya and P. J. Hunter, “A novel numerical approach 

based on morphological image analysis to predict mechanical properties of 

polypropylene/clay nanocomposites”, Paper No. NM-7, the Sixth Canadian-

International Composites Conference (CANCOM 2007), Winnipeg, Manitoba, 

Canada, 14-17 August, 2007. 

• D. Bhattacharyya, Y. Dong and P. J. Hunter, “ Formulation, processing and 

numerical modelling of polypropylene/clay nanocomposites”, Keynote Paper#, 

The Fifteenth International Conference on COMPOSITES/NANO 

ENGINEERING (ICCE-15), Haikou, Hainan Island, China, 15-21 July, 2007. 

[#CD-ROM]  

• Y. Dong, D. Bhattacharyya and P. J. Hunter, “Optimisation of property 

enhancement of polypropylene/organoclay nanocomposites”, Paper No. 
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GE219830, 16th International Conference on Composite Materials (ICCM-16), 

Kyoto, Japan, 8-13 July, 2007. 

• Y. Dong, D. Bhattacharyya and P. Hunter, “Numerical modelling of mechanical 

behaviour of polypropylene/organoclay nanocomposites using representative 

volume element (RVE)”, Paper No. OA-9-OR32, Symposium O:  Frontiers in 

Computational Materials Science, International Conference on Materials for 

Advanced Technologies 2007 (ICMAT2007), Singapore, 1-6 July, 2007. 

• Y. Dong, D. Bhattacharyya and P. J. Hunter, “characterisation and object-

oriented finite element modelling of polypropylene/organoclay 

nanocomposites”, Paper No. 442-N, 5th Asia-Australasian Conference on 

Composite Materials (ACCM-5), Hong Kong, P. R. China, 27-30 November, 

2006. 

 

Posters 

• Y. Dong, D. Bhattacharyya and P. J. Hunter, Opportunities or challenges: Are we 

ready for polymer nanocomposites?, Beca Engineering Postgraduate Poster 

Competition, Faculty of Engineering, The University of Auckland, September 

2006. Concurrently selected poster for 2006 University of Auckland Postgraduate 

Research Exposition (Exposure 06). 

• Y. Dong, Nanocomposites: Filling innovative “nanoplatelets” into plastics, poster 

entry for 2007 MacDiarmid Young Scientists of the Year Awards, Foundation for 

Research, Science and Technology (FRST), New Zealand. 

 

 



Chapter 9                                                                         Achievements and Future Work  

 214

Honours and Awards  
 
• Selected Candidate in the Special 25th Silver Anniversary Edition of “MARQUIS 

Who’s Who in the World” (http://www.marquiswhoswho.com), 2007. 

• Selected Stage Two Nominee for 2007 MacDiarmid Young Scientists of the Year 

Awards, Foundation for Research, Science and Technology (FRST), New 

Zealand. 

• Best Paper Silver Award Presented at the 5th Asian-Australasian Conference on 

Composite Materials (ACCM-5), Hong Kong, P. R. China, 27-30 November, 2006. 

• Best Poster of Mechanical Engineering Department, 2006 Beca Engineering 

Postgraduate Poster Competition, Faculty of Engineering, The University of 

Auckland. 

• 2005 Bright Future Top Achiever Doctoral Scholarship (Tertiary Education 

Commission, New Zealand). 

• 2004 University of Auckland Doctoral Scholarship. 

• 2003 University of Auckland International Doctoral Fee Bursary. 

 

9.2 Recommendations for Future Work 

     This work contributes to achieve the comprehensive investigations of PP/clay 

nanocomposites with a high mechanical performance through the material 

formulation, melt processing, experimental characterisation and numerical 

modelling for predicting tensile moduli of PP/clay nanocomposites. It is 

recommended that future research work should be carried out as follows: 

• Since MAPP as the compatibiliser plays a crucial role in the formulations of 

PP/clay nanocomposites by the melt compounding method, it is worthwhile to 
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use different types of MAPP with various molecular weights and grafting 

contents in order to greatly improve the interactions and miscibility between 

clay particles and the PP matrix. 

• Due to the complexity of influencing factors on the mechanical performance of 

PP/clay nanocomposites, only the material selection related to the preferred 

formulations has been considered in the Taguchi DoE work. The optimisation 

of processing conditions such as feed rate, temperature profile, screw speed 

and injection moulding pressure in the twin screw extrusion and injection 

moulding processes is also felt necessary to perform based on the pre-

determined preferred formulations. 

• Although conventional 2-D RVE models can evaluate the effects of clay aspect 

ratio and content, clay dispersion patterns and interphase properties, and 

provide reasonable predictions of tensile moduli of PP/clay nanocomposites, 

the established 3-D RVE becomes more effective to reproduce and visualise the 

geometries of clay platelets in order to better understand the overall 

macroscopic material behaviour. 

• In order to evaluate the interphase properties in RVE modelling, parametric 

study has been performed by varying the interphase modulus and interphase 

thickness (Ei=2Em, Em and 0.5Em ; ti=0.5t, t and 2t). However, the part of future 

research work should also focus on the accurate estimation of nanocomposite 

interphase properties, which might be eventually obtained by the 

nanoidentation tests coupled with Atomic Force Microscopy (AFM). 

• As mentioned earlier, OOF modelling is feasible to particulated composite 

materials based on 2-D SEM/TEM micrographs, which can only handle the 
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linear elastic deformation and predict the elastic moduli of PP/clay 

nanocomposites. The use of Nano-CT scanner with the resolutions of just a few 

hundred nanometers necessitates the volumetric reconstructions of actual 

morphology of PP/clay nanocomposites in a 3-D view. Such 3-D 

micro/nanostructure based model geometries can be more accurate to 

represent the particle size, alignment and aspect ratio as well as the spatial 

position of clay platelets. Ultimately, the entire elastic-plastic response can be 

well predicted along with the corresponding stress-strain curves up to the 

ultimate tensile strength for PP/clay nanocomposites by incorporating 3-D 

virtual geometric models into the commercial finite element packages such as 

ANSYS® and ABAQUS®. 
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_____________________________ 
Appendix A 

    Summary of Mechanical  
Testing Data and S/N Ratios in DoE  

_____________________________ 
 

 

Table A1 Summary of tensile test data of injected moulded samples in L9 DoE 

S.D.=Standard Deviation

 

 
 
 
 
 
 

 
L9 DoE 

Material Type 

 
Tensile 

Modulus 
(GPa) 

 
S.D. 

 
Normalised 

Tensile 
Modulus  

 
Tensile Strength 

at Yield 
(MPa) 

 
S.D. 

 
Normalised 

Tensile Strength 
at Yield  

PP-Co M710 1.56 0.08 — 27.9 0.20 — 
PP-Hom Y130 1.71 0.04 — 34.2 0.34 — 

PP-Hom H380F 1.76 0.04 — 32.7 0.32 — 
R1 1.93 0.02 1.13 34.1 0.16 1.00 
R2 1.93 0.03 1.13 34.7 0.13 1.01 
R3 1.97 0.05 1.15 34.0 0.15 0.99 
R4 1.39 0.04 0.89 26.8 0.18 0.96 
R5 1.87 0.05 1.06 34.3 0.21 1.05 
R6 1.57 0.06 1.01 27.7 0.21 0.99 
R7 1.70 0.02 1.09 29.9 0.13 1.07 
R8 2.15 0.06 1.22 33.6 0.15 1.03 
R9 2.24 0.13 1.27 36.7 0.22 1.12 

RR1 2.12 0.05 1.24 36.0 0.38 1.05 
RR2 1.91 0.06 1.12 35.1 0.27 1.03 
RR3 2.03 0.05 1.19 35.3 0.20 1.03 
RR4 1.45 0.04 0.93 26.7 0.16 0.96 
RR5 2.05 0.06 1.16 35.2 0.36 1.08 
RR6 1.65 0.04 1.06 28.7 0.17 1.03 
RR7 1.79 0.06 1.15 28.4 0.15 1.02 
RR8 2.56 0.06 1.45 34.2 0.21 1.05 
RR9 2.44 0.15 1.39 36.4 0.24 1.11 
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Table A2 Summary of flexural test data of injected moulded samples in L9 DoE 

S.D.=Standard Deviation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
L9 DoE  

Material Type 

 
Flexural 
Modulus 

(GPa) 

 
S.D. 

 
Normalised 

Flexural 
Modulus 

 
Flexural 
Strength 
 (MPa) 

 
S.D. 

 
Normalised 

Flexural 
Strength 

 
PP-Co M710 1.26 0.03 — 36.8 0.64 — 

PP-Hom Y130 1.40 0.03 — 44.1 0.69 — 
PP-Hom H380F 1.26 0.05 — 43.1 0.51 — 

R1 1.55 0.03 1.11 45.1 1.13 1.02 
R2 1.54 0.06 1.10 44.0 0.93 1.00 
R3 1.71 0.05 1.22 47.9 1.01 1.09 
R4 1.22 0.02 0.97 34.5 0.47 0.94 
R5 1.41 0.09 1.12 47.0 0.75 1.09 
R6 1.36 0.05 1.08 38.5 0.65 1.05 
R7 1.53 0.03 1.21 36.0 0.55 0.98 
R8 1.88 0.04 1.49 50.8 0.53 1.18 
R9 1.84 0.06 1.46 52.6 0.94 1.22 

RR1 1.65 0.07 1.18 46.6 1.08 1.06 
RR2 1.53 0.07 1.09 43.4 1.26 0.98 
RR3 1.75 0.03 1.25 48.6 0.97 1.10 
RR4 1.19 0.03 0.94 34.1 0.50 0.93 
RR5 1.50 0.06 1.19 47.4 0.45 1.10 
RR6 1.36 0.03 1.08 36.9 0.42 1.00 
RR7 1.56 0.03 1.24 36.1 0.33 0.98 
RR8 2.01 0.03 1.60 52.2 0.49 1.21 
RR9 1.83 0.08 1.45 52.3 0.96 1.21 
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Table A3 Summary of impact test data of injected moulded samples in L9 DoE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                         

                                   
              S.D.=Standard Deviation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
L9 DoE 

Material type 

 
Charpy Impact 
Strength (J/m) 

 
S.D. 

 
Normalised 

Impact Strength 

PP-Co M710 198.5 18.67 — 
PP-Hom Y130 33.3 2.76 — 

PP-Hom H380F 20.8 5.68 — 
R1 33.4 0.71 1.00 
R2 31.6 0.59 0.95 
R3 33.7 1.77 1.01 
R4 132.7 19.89 0.67 
R5 19.3 1.12 0.93 
R6 75.6 8.31 0.38 
R7 73.1 8.72 0.37 
R8 20.7 3.21 1.00 
R9 23.1 5.71 1.11 

RR1 33.2 1.02 1.00 
RR2 29.9 4.23 0.90 
RR3 39.8 11.08 1.20 
RR4 159.0 12.47 0.80 
RR5 19.2 0.60 0.92 
RR6 85.1 11.16 0.43 
RR7 76.3 37.09 0.38 
RR8 20.4 2.52 0.98 
RR9 27.8 6.82 1.34 
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Table A4 S/N ratio table for tensile modulus in L9 DoE 
 

 
 

 
 

Table A5 S/N ratio table for tensile strength at yield in L9 DoE 
 
 

 
 
 
 
 

Response: 
Normalised Tensile Modulus 

L9 DoE 
Material 

Type 

Random 
Trial 

Number 

Standard 
Trial 

Number 
1 2 3 4 5 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∑
=

0

1
2

0

11 n

i iyn
 

S/N 
Ratio 

RR4 4 1 0.94 0.89 0.93 0.93 0.96 1.1566 -0.632 

RR1 1 2 1.26 1.27 1.20 1.24 1.23 0.6530 1.851 

RR8 8 3 1.47 1.44 1.46 1.41 1.50 0.4729 3.252 

RR5 5 4 1.22 1.15 1.16 1.16 1.13 0.7399 1.308 

RR6 6 5 1.05 1.09 1.08 1.06 1.03 0.8860 0.525 

RR3 3 6 1.16 1.20 1.14 1.20 1.21 0.7137 1.465 

RR2 2 7 1.09 1.13 1.07 1.12 1.16 0.8067 0.933 

RR9 9 8 1.34 1.51 1.45 1.35 1.30 0.5223 2.821 

RR7 7 9 1.12 1.14 1.18 1.18 1.16 0.7531 1.231 

Response: 
Normalised Tensile Strength  

at Yield 

L9 DoE 
Material 

type 

Random 
Trial 

Number 

Standard 
Trial 

Number 

1 2 3 4 5 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∑
=

0

1
2

0

11 n

i iyn
 

S/N 
Ratio 

RR4 4 1 0.95 0.96 0.96 0.96 0.95 1.0904 -0.376 

RR1 1 2 1.07 1.05 1.05 1.05 1.04 0.9037 0.440 

RR8 8 3 1.04 1.05 1.04 1.05 1.05 0.9164 0.379 

RR5 5 4 1.09 1.08 1.07 1.06 1.08 0.8652 0.629 

RR6 6 5 1.03 1.02 1.03 1.03 1.03 0.9477 0.233 

RR3 3 6 1.03 1.04 1.03 1.04 1.03 0.9387 0.275 

RR2 2 7 1.02 1.03 1.04 1.02 1.03 0.9506 0.220 

RR9 9 8 1.13 1.11 1.11 1.11 1.12 0.8062 0.935 

RR7 7 9 1.02 1.03 1.02 1.01 1.02 0.9625 0.166 
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Table A6 S/N ratio table for flexural modulus in L9 DoE 

 
 

 
 
 

 
Table A7 S/N ratio table for flexural strength in L9 DoE 

 
 

 
 
 
 
 
 

Response: 
Normalised Flexural Modulus 

L9 DoE 
Material 

Type 

Random 
Trial 

Number 

Standard 
Trial 

Number 
1 2 3 4 5 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∑
=

0

1
2

0

11 n

i iyn
 

S/N 
Ratio 

RR4 4 1 0.95 0.94 0.91 0.97 0.96 1.1190 -0.488 

RR1 1 2 1.21 1.22 1.18 1.10 1.19 0.7195 1.430 

RR8 8 3 1.59 1.62 1.60 1.60 1.55 0.3937 4.049 

RR5 5 4 1.19 1.12 1.16 1.22 1.24 0.7148 1.458 

RR6 6 5 1.10 1.04 1.10 1.08 1.07 0.8619 0.646 

RR3 3 6 1.28 1.24 1.27 1.24 1.22 0.6391 1.944 

RR2 2 7 1.11 1.11 1.01 1.11 1.10 0.8457 0.728 

RR9 9 8 1.53 1.39 1.43 1.42 1.51 0.4755 3.229 

RR7 7 9 1.26 1.23 1.21 1.22 1.26 0.6542 1.843 

Response: 
Normalised  Flexural Strength 

L9 DoE 
Material 

Type 

Random 
Trial 

Number 

Standard 
Trial 

Number 
1 2 3 4 5 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∑
=

0

1
2

0

11 n

i iyn
 

S/N 
Ratio 

RR4 4 1 0.92 0.93 0.91 0.95 0.93 1.1667 -0.670 

RR1 1 2 1.08 1.07 1.06 1.02 1.06 0.8959 0.477 

RR8 8 3 1.22 1.23 1.20 1.21 1.21 0.6812 1.667 

RR5 5 4 1.12 1.09 1.10 1.10 1.10 0.8255 0.833 

RR6 6 5 1.02 1.00 1.00 1.01 0.99 0.9917 0.036 

RR3 3 6 1.12 1.10 1.12 1.07 1.11 0.8220 0.851 

RR2 2 7 1.01 0.99 0.94 0.99 0.99 1.0337 -0.144 

RR9 9 8 1.20 1.23 1.23 1.18 1.22 0.6801 1.674 

RR7 7 9 1.00 0.98 0.97 0.98 0.98 1.0371 -0.158 
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Table A8 S/N ratio table for impact strength in L9 DoE 
 
 

Response: 
Normalised  Impact Strength 

L9 DoE 
Material 

Type 

Random 
Trial 

Number 

Standard 
Trial 

Number 
1 2 3 4 5 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∑
=

0

1
2

0

11 n

i iyn
 

S/N 
Ratio 

RR4 4 1 0.81 0.77 0.77 0.85 0.86 1.5848 -2.000 

RR1 1 2 0.97 0.99 1.01 0.98 1.05 1.0039 -0.017 

RR8 8 3 0.92 1.18 0.91 1.00 0.89 1.0714 -0.300 

RR5 5 4 0.89 0.90 0.94 0.91 0.96 1.1819 -0.726 

RR6 6 5 0.41 0.39 0.48 0.37 0.49 5.6714 -7.537 

RR3 3 6 1.04 1.03 1.79 1.08 1.04 0.7899 1.024 

RR2 2 7 0.96 0.97 0.94 0.95 0.67 1.3213 -1.210 

RR9 9 8 1.61 1.51 1.59 1.02 0.94 0.6626 1.788 

RR7 7 9 0.55 0.19 0.58 0.41 0.20 13.2937 -11.236 
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_____________________________ 
Appendix B 

   Mechanical Properties of Overall 
Formulated Nanocomposites 

_____________________________ 
 

 

 

 

Table B1 Mechanical properties of PP-Co M710 based nanocomposites (WR=1:1) 

      S.D.=Standard Deviation

 

 

 

 

 

 

 

Mechanical Properties PP-Co M710 NC1 NC3 NC5 NC10 

Tensile Modulus (GPa) 1.66 1.75 1.76 1.87 1.90 
S.D. 0.11 0.22 0.10 0.16 0.07 

Tensile Strength  
at Yield (MPa) 

28.3 28.4 28.5 28.4 29.0 

S.D. 0.35 0.24 0.20 0.26 0.19 

Flexural Modulus (GPa) 1.29 1.30 1.45 1.41 1.60 

S.D. 0.04 0.06 0.03 0.04 0.03 

Flexural Strength (MPa) 37.5 37.9 38.8 37.3 38.4 
S.D. 0.74 0.72 0.61 0.50 0.58 

Charpy Impact 
 Strength (J/m) 

242.6 211.3 175.8 155.9 109.7 

S.D. 28.6 13.9 10.7 17.7 5.9 
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Table B2 Mechanical properties of PP-Hom H380F based nanocomposites 

(WR=1:2) 

      S.D.= Standard Deviation 

 

 

Table B3 Mechanical properties of PP-Hom H380F based nanocomposites (fixed 

MAPP content: 6 wt%) 

    S.D.= Standard Deviation 

 

Mechanical Properties PP-Hom H380F Opt1 Opt2 Opt3 Opt4 

Tensile Modulus (GPa) 1.76 2.06 2.21 2.37 2.48 
S.D. 0.04 0.03 0.05 0.06 0.03 

Tensile Strength  
at Yield (MPa) 

32.7 37.2 37.3 37.6 37.8 

S.D. 0.32 0.09 0.21 0.32 0.13 

Flexural Modulus (GPa) 1.26 1.79 1.82 1.95 2.03 

S.D. 0.05 0.04 0.05 0.06 0.06 

Flexural Strength (MPa) 43.1 52.2 51.6 51.4 52.4 
S.D. 0.51 1.48 0.59 0.91 0.42 

Charpy Impact 
 Strength (J/m) 

20.8 31.1 25.9 21.6 20.1 

S.D. 5.7 6.1 7.3 6.2 1.7 

Mechanical Properties PP-Hom H380F PPNC3  
(Opt1) PPNC5 PPNC8 PPNC10 

Tensile Modulus (GPa) 1.76 2.06 2.51 2.80 2.82 
S.D. 0.04 0.03 0.03 0.05 0.03 

Tensile Strength  
at Yield (MPa) 

32.7 37.2 39.5 39.4 38.9 

S.D. 0.32 0.09 0.41 0.55 0.38 

Flexural Modulus (GPa) 1.26 1.79 1.84 2.04 2.12 

S.D. 0.05 0.04 0.06 0.05 0.09 

Flexural Strength (MPa) 43.1 52.2 57.4 58.2 57.8 
S.D. 0.51 1.48 0.87 0.21 0.72 

Charpy Impact 
 Strength (J/m) 

20.8 31.1 26.3 23.2 18.6 

S.D. 5.7 6.1 9.1 7.2 0.7 
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Table B4 Mechanical properties of PP-Hom H380F based nanocomposites (fixed 

clay content: 5 wt%) 

S.D.=Standard Deviation 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Mechanical  
Properties 

PP-Hom  
H380F 

MAPP0 MAPP3 MAPP6 
(PPNC5) 

MAPP10 
(Opt2) 

MAPP20 

Tensile Modulus (GPa) 1.76 2.39 2.59 2.51 2.21 2.37 
S.D. 0.04 0.03 0.04 0.03 0.05 0.06 

Tensile Strength  
at Yield (MPa) 

32.7 36.8 39.4 39.5 37.3 38.7 

S.D. 0.32 0.36 0.10 0.41 0.21 0.17 

Flexural Modulus (GPa) 1.26 1.74 1.88 1.84 1.82 1.77 
S.D. 0.05 0.03 0.04 0.06 0.05 0.02 

Flexural Strength (MPa) 43.1 51.4 56.0 57.4 51.6 51.4 
S.D. 0.51 0.35 0.63 0.87 0.59 0.24 

Charpy Impact 
 Strength (J/m) 

20.8 34.3 33.4 26.3 25.9 19.0 

S.D. 5.7 0.9 7.0 9.1 7.3 1.3 
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