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     Polymer nanocomposites are an emerging class of hybrid materials, where a small fraction of nano-sized filler 

offers enhancement in properties such as gas barrier, thermal stability, flame retardancy, mechanical properties and 

so on. A major issue associated with the fabrication of nanocomposites is the dispersion of nanofillers in the 

polymer matrix because of the great tendency of nanoparticles to agglomeration. Owing to the fact that nano-level 

dispersion is a prerequisite in realizing the performance of nanocomposites, various strategies such as addition of a 

compatibilizer or surface modifier have been employed. These dispersants improve the compatibility between 

nanoparticles (filler) and the polymer, but at the same time result in unfavourable drawbacks such as additional cost, 

accelerated degradation, processability challenges and so on.  

     The dispersion problem is extremely challenging in the case of chemically inert polyolefins and also when a 

relatively high loading of nano-sized filler is required in specific applications such as flame retardancy, thermal 

conductivity and electrical properties. Ideally, the best approach is to achieve nano-level dispersion without 

inclusion of any dispersants. Our research group has successfully disclosed a methodology for the fabrication of 

polyolefin nanocomposites based on an in-situ method i.e. in-situ formation of nanoparticles in the presence of the 

polyolefin [1]. The novelty lies at the fact that it involves the impregnation of metal alkoxides in the porosity of 

polymer reactor granule and subsequent chemical conversion of the metal alkoxides into inorganic nanoparticles 

during melt-processing. The reported methodology is known as a new Reactor Granule Technology (RGT) and the 

concept was firstly exemplified by the preparation of polypropylene (PP)-based nanocomposites with TiO2 for UV-

cut transparent PP.  Following this, in this research the RGT was further explored and modified to prepare flame 

retardant PP/Mg(OH)2 nanocomposites. To achieve flame retardancy, a relatively high filler loading is required and 

a great challenge existed in controlling the dispersion at a high filler loading. A modified scheme including pre-

treatment was invented and it was found that the prepared nanocomposites exhibited uniform dispersion of Mg(OH)2 

nanoparticles even at a high filler loading, with which sufficient flame retardancy was facilitated at a filler loading 

of approximately half compared with the conventional preparation. The results revealed that the modified 

methodology not only offers uniform dispersion of nanoparticles in a dispersant-free manner but also allows access 

for the fabrication of highly filled nanocomposites.  

    Further to generalize the modified RGT to various kinds of highly filled nanocomposites, it was applied for 

fabrication of functionally advantageous PP nanocomposites with oxide nanoparticles, namely PP/TiO2 and 

PP/Al2O3 nanocomposites (Scheme 1). It was concluded that the reactor granule technology is a versatile approach 

for the fabrication of polyolefin-based nanocomposites, offering excellent dispersion over a wide range of filler 

loading and superior properties even without the use of any dispersants. Finally, for maximizing the potential of 

methodology, the development of heat releasing polyolefin nanocomposites based on modified reactor granule 

technology was focused. It was found that the interfacial modification of in-situ generated Al2O3 nanoparticles 

played a significant role in the improvement of thermal conductivity.  

  

 

 

 

 

 

 

 

Scheme 1. Concept of modified reactor granule technology 
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Preface 

 

     The present thesis is submitted for the Degree of Doctor of Philosophy at Japan Advanced 

Institute of Science and Technology, Japan.  The thesis is consolidation of results of the 

research work on the topic “New Reactor Granule Technology for Fabrication of 

Functionally Advantageous Highly Filled Nanocomposites” under the supervision of Assoc. 

Prof. Toshiaki Taniike at the School of Materials Sciences, Japan Advanced Institute of 

Science and Technology during July 2014-June 2017.  

     First of all, Chapter 1 is a general introduction according to the object of this research.  

Chapter 2 introduces new reactor granule technology for highly filled nanocomposites with 

focus on fabrication of polypropylene/magnesium hydroxide nanocomposites for effective 

flame retardation.  Chapter 3 reports the application of reactor granule technology for 

fabrication of functionally advantageous polypropylene nanocomposites with oxide 

nanoparticles.  Chapter 4 reports the utilization of reactor granule technology for the 

development of heat releasing polyolefin nanocomposites.  Finally, Chapter 5 describes the 

general summary and conclusion of this thesis.  To the best of my knowledge, the work is 

original and no part of this thesis has been plagiarized.   

 

School of Materials Science        Bulbul Maira 

Japan Advanced Institute of Science and Technology 

June 2017 

 

 

 

 



5 
 

Acknowledgements 

 

     Firstly, I would like to express my sincere gratitude to the supervisor Assoc. Prof. 

Toshiaki Taniike, School of Materials Science, Japan Advanced Institute of Science and 

Technology, for his kind guidance, valuable suggestions and heartfelt encouragements 

throughout this work.  I am thankful to him for his never ending patience, motivation and 

immense knowledge.  His guidance helped me in all the time of research and writing of this 

thesis. 

     I am also heartily grateful to the nanocomposite group and all other members of Taniike 

laboratory for their valuable suggestions, cooperation and support.   

     I would also take an opportunity to thank Prof. Minoru Terano (JAIST) for his guidance 

and encouragement at a professional and personal level. I am also thankful to Assistant Prof. 

Patchanee Chammingkwan for her valuable inputs, cooperation and stimulating discussions 

and all the Terano laboratory members for their constant support and help. 

     I am also thankful to Prof. Masayuki Yamaguchi (JAIST) for giving an opportunity to 

carry out experiments in his laboratory and providing invaluable suggestions and guidance.  

Further, I would like to express my thanks to all the members of Yamaguchi laboratory for 

their continuous help and understanding. 

     I would also like to thank the members of my review committee Prof. Kohki Ebitani 

(JAIST), Prof. Masayuki Yamaguchi (JAIST), Assoc. Prof. Ken-ichi Shinohara (JAIST) and 

Prof. Koh-hei Nitta (Kanazawa University), who have spent their valuable time to read the 

thesis, for their insightful comments and remarks to enhance the quality of this thesis from 

various perspectives.  

     I would like to express reverence to parents and my family for always encouraging me 

and supporting my ambitions.  Without their blessings, this task would have not been 

accomplished.   



6 
 

     I extend my thanks to my friends Ashutosh Thakur, Neha Sharma and Akanksha Matta 

for their utmost care and moral support.  

     I would like to thank God for giving me the strength and wisdom to complete this task 

and sending all these people in my life.  

 

School of Materials Science                                                                                   Bulbul Maira 

Japan Advanced Institute of Science and Technology 

June 2017 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

 

Table of Contents 

 

Preface 

Acknowledgement 

Chapter 1.  General Introduction 

                      1.1  Polymer Nanocomposites      10 

                        1.2  Theoretical Background       20  

                     1.3  Polyolefin-based Nanocomposites     41 

                     1.4  Reactor Granule Technology      43 

                     1.5  Purpose of the Present Research      45 

                     1.6  References         47 

 

Chapter 2.  New Reactor Granule Technology for Highly Filled Nanocomposites: 

Effective Flame Retardation of Polypropylene (PP)/Magnesium hydroxide 

(Mg(OH)2) nanocomposites  

                     Abstract         58 

                           2.1  Introduction        59 

                     2.2  Experimental        62 

                     2.3  Results and Discussion       65 

                     2.4  Conclusion        80 

                     2.5  References        81 

 

 

 



8 
 

 

 

 

 

Chapter 3.  Reactor Granule Technology for Fabrication of Functionally Advantageous 

Polypropylene Nanocomposites with Oxide Nanoparticles 

                     Abstract         85 

                           3.1  Introduction        86 

                     3.2  Experimental        90 

                     3.3  Results and Discussion       94 

                     3.4  Conclusion        117 

                     3.5  References        118 

 

Chapter 4.  Development of Heat Releasing Polyolefin Nanocomposites Based on 

Reactor Granule Technology 

                      Abstract         125 

                           4.1  Introduction        126 

                     4.2  Experimental        130 

                     4.3  Results and Discussion       131 

                     4.4  Conclusion        145 

                     4.5  References        146 

 

Chapter 5.  General Summary and Conclusions     142 

List of Publications and Other Achievements      146 

 



9 
 

 

 

 

 

Chapter 1 

 

General Introduction 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

 

1.1 Polymer Nanocomposites 

Polymers 

     In nature, polymers are the most widespread naturally occurring substances.  In fact, there 

exists a great similarity between the synthetic polymer and the basic molecular structure of 

all plant and animal life.  Natural polymers include materials such as rubber, cellulose, silk 

and bitumen.  However, synthetic polymers are mainly used for engineering design and are 

often specifically designed by chemical engineers or chemists for some specific purpose.  

Other engineers (civil, mechanical etc.) sometimes work directly with chemical engineers or 

chemists to synthesize a polymer with particular characteristics or typically design 

engineering components from the available materials [1].  In our daily lives, polymers play a 

major role due to their properties such as light weight, ease of processing, low cost, 

resistance to corrosion, transparency and so on.  Due to their long chain molecular structure, 

many of the useful properties of polymers are in fact unique to polymers.  Polymers can be 

broadly categorized into thermosetting resins and thermoplastics, out of which 

thermoplastics account for more than 70% of all polymers produced.  Depending on their 

intrinsic properties and applications, thermoplastics can be classified into commodity, 

engineering and performance plastics.  Generally, plastics show a trend towards 

commoditization both in terms of increasing production volume and decreasing production  
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cost.  Therefore, it is challenging to introduce new polymers into the market for engineering 

applications.  As a consequence, the current focus is at exploring and improving the 

performance of existing polymers [2].  The properties of polymers are not only affected by 

the chemical structure but also by the processing step.  Additionally, the use of fillers also 

has a large impact on the performance of polymers.  Maximizing the potential of existing 

polymers by the use of fillers has become a significant topic in the development of polymers. 

 

Polymer Nanocomposites 

     Polymer nanocomposites, have garnered significant interest since their invention in the 

late 1990s.  As surveyed by Vaia and Maguire, the research and development funding as well 

 as the number of articles and patents, in this area has been growing exponentially [3].  For 

instance, from 1988 to 2005 the total number of hits for ‘polymer nanocomposites’ on 

Scifinder is 9400, where since 1992 the yearly number has roughly doubled every two years.  

In the last years, this growth has continued: 

 

Polymer nanocomposites are the combination of polymers filled with fillers having one 

dimension smaller than 100 nm.  In zero-dimensional (0D) nanocomposites, all three  

Chapter 1 

Years  2006 2007 2008 2009 2010 2011 1988-2011 

Number of 

records 

2995 3640 3863 4182 4910 5197 34112 
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dimensions of the filler are of the order of 1 nm (metal and metal-oxide nanoparticles, 

spherical silicate nanoparticles, quantum dots, detonation nano diamonds etc.).  One-

dimensional (1D) nanocomposites contain filler nano-sized in two dimensions (fibers, 

whiskers or nanotubes) and a two-dimensional (2D) nanocomposite consists of nanometer 

thickness (graphite, layered silicates etc.) [4-14]. 

     Based on application, nanocomposites can be divided into two types: structural and 

functional.  In case of structural nanocomposites, the introduction of filler efficiently 

enhances their inflammability, durability, barrier properties and processibility.  In some cases, 

the nano-sized fillers with adsorbed substances are able to impart functional properties, for 

e.g. electro conductivity or biocidal properties.  Theoretical models of such composites are 

described by the laws of classical mechanics of solids and viscous fluids.  For the fabrication 

of structural nanocomposites, it is necessary to create stable mixtures in which inorganic 

nanoparticles are well dispersed throughout the bulk of a polymer matrix, have no tendency 

for coagulation and in the case of anisodiametric particles are capable of orientation during 

the preparation.  In the case of functional composites, the role of filler is much more 

significant, since the magnetic, optical and electric properties of materials substantially 

depend on the characteristics of nanoparticles [15-17].  The interaction between the polymer 

matrix and filler at the molecular level is of great significance because it leads to synergy of 

useful properties of the organic and inorganic components of a material [18,19].  
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Preparation of Polymer Nanocomposites 

     Several processing techniques have been explored to disperse nanoparticles in to the 

polymer matrix including in-situ method, melt-compounding and solution processing [20-26].  

The in-situ preparation can be divided into two routes: in-situ polymerization in the presence 

of nanoparticles and in-situ synthesis of nanoparticles in the polymer matrix [24-28].  In the 

in-situ polymerization method, the particles are first dispersed in the monomer(s) followed 

by the polymerization.  Yang et al. has reported this method for the preparation of 

poly(amide-6) /silica nanocomposites [24].  Firstly, the silica particles were with ɛ-

caproamide followed by addition of the appropriate polymerization initiator.  The mixture 

was then polymerized at elevated temperature under a nitrogen atmosphere [24].  Well 

dispersed particles with a particle size of ~50 nm were obtained, but aggregation occurred on 

using particle sizes of ~12 nm [26].  The aggregation was explained to be originated due to 

increased surface energy of smaller particles.   

Ash et al.[29] and Siegel et al.[30] obtained well dispersed alumina nanoparticles in the 

PMMA matrix.  They firstly added alumina nanoparticles to methylmethacrylate (MMA) and 

dispersed them through sonication with subsequent addition of the initiator and the chain 

transfer reagent.  The in-situ synthesis of nanoparticles in the polymer matrix was reported 

by Jain et al. who combined a solid-state modification of isotactic poly(propylene) (iPP) and  

an in-situ sol-gel reaction for the preparation of iPP/silica nanocomposites [31].  Well 

dispersed particles having size in the range of 20-50 nm were obtained.   
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Another frequently used technique for the dispersion of nanoparticles is the solution 

processing.  Vollenberg et al. dissolved poly(imide) and the clay particles in polar solvent for 

several hours and then the mixture was solvent casted to allow for the solvent to evaporate 

[20].  They were able to produce well-dispersed poly(imide)-organophilic clay 

nanocomposites.  Bansal et al. achieved excellent dispersions via a toluene solution mixing 

of polystyrene with untreated or low molar mass PS-grafted silica nanoparticles [32].  They 

showed that the nanoparticle dispersion was strongly affected by the choice of the solvent 

[33].   

     The majority of synthetic polymers were prepared via melt-compounding [34].  Chan et al. 

prepared iPP/CaCO3 nanocomposites through melt-mixing of iPP with CaCO3 nanoparticles 

[22].  They obtained reasonably well-dispersed nanocomposites at filler loading of 4.8 and 

9.2 vol%, but at 13.2 vol% excessive aggregation of nanoparticles occurred.  Zhou et al. 

combined in-situ nanoparticle surface modification with melt-mixing whereas Rong et al. 

[35] melt-compounded iPP with pre-treated silica nanoparticles to study the influence of 

interfacial interactions in iPP/silica nanocomposites while Zhou et. al.[36] combined the in-

situ nanoparticle surface modification with melt-mixing.  They concluded that an effective 

way to improve interfacial interaction is to carry out grafting and cross-linking of nano-silica 

during melt-mixing with iPP. 

Due to different physical and chemical characteristics of the used components, it is difficult 

to use a universal approach for the fabrication of polymer nanocomposites.  Moreover, 

different processing techniques in general do not yield similar results.  Each system requires  
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a special set of processing conditions based on the desired processing and material properties.  

It can be concluded from above that one of the key issues in choosing processing technique is 

how well the nanoparticles can be dispersed in the polymer matrix. 

State of Dispersion 

     The advantages of nanocomposites can be exploited if the state of dispersion of 

nanoparticles can be controlled.  In some cases, a perfectly homogenous dispersion is 

required, while in other cases such as carbon nanotubes filled systems for electro conductive 

properties, a percolative network is necessary, which can be achieved by controlled 

aggregation of nanoparticles [37].  Mediocre performance of nanocomposites can be 

attributed to number of factors such as poor dispersion, poor alignment, poor interfacial load 

transfer to the interior of filler bundles, process related deficiencies and fractal nature of filler 

clusters [38].   

The filler geometry is an important factor that influences the state of dispersion of 

nanoparticles [39].  In general, 3-dimensional fillers are easier to disperse than low 

dimensional fillers.  The difference is due to the fact that 3-dimensional quasi-spherical 

particles exhibit only point to point contacts whereas in case of 1-dimensional rods or tubes 

increased particle-particle interaction arises due to contact along the full length of the 

cylinder.  2-dimensional sheets even have a larger contact area.  The increased particle 

contact area as well as resulting interaction makes homogeneous dispersion even more  
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difficult.  Considering these factors, 3-dimensional fillers such as spherical particles are 

easier to disperse than either rods or sheets. 

     In addition to the filler geometry, the relative size of the polymer and the nanoparticles 

also affects the final state of dispersion.  Mackay et al [40] showed that that the 

thermodynamic stability of the nanocomposites was enhanced if radius of gyration (Rg) of 

the linear polymer is greater than the radius of the nanoparticles.  If Rg of the polymer is 

smaller than the radius of the nanoparticles, the surface energy mismatch between the 

polymer chains and the nanoparticles is larger, leading to aggregation of the nanoparticles.  

Other groups observed a more complex behavior i.e. the state of dispersion can be poor or 

good with increasing Rg [41-43].  

Another parameter that affects the final dispersion state of dispersion of nanoparticles is the 

polymer-nanoparticle interactions.  

 

Polymer-Filler Interactions 

     In a polymer-filler system, even at a low concentration, a considerable portion of the 

polymer is affected by the filler due to polymer-filler interactions.  The type of interaction 

between polymer segments and filler surfaces can be divided into two categories [44]:  

i) interfaces in which the segment-to-surface interactions are weak and dispersive, and the 

polymer are physisorbed at the interfaces. e.g. isotactic PP on graphite. 

ii) interfaces in which the segment-to-surface interactions are strong and specific, and the 

polymer are chemisorbed at the interfaces. e.g. PMMA on aluminium.  

Chapter 1 
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     In polymer nanocomposites, even very weak interaction between a single monomeric unit 

and particle surface can be magnified into powerful attractive or repulsive forces.  This is 

because polymer having high molar mass have many units, which can interact with the 

nanoparticle surface.  Despite of a certain intramolecular order, a linear chain in the polymer 

melt can be considered as random coil.  If such a chain approaches an impermeable surface, 

it changes to a train-loop-tail structure [45] (Fig. 1).  The number of adsorbed units along the 

linear chain anchored to the particle surface depends on both the molar mass of the linear 

chain and the surface to polymer interaction energy.  Generally, the number of adsorbed units 

to the particle surface increases if the molar mass of the polymer chain or number of 

repeating units increases. 

   

 

 

 

 

Figure 1.  Representation of ideal composite structure, where two polymers are considered 

(1) mobile bulk polymer and (2) immobilized ‘effective’ phase (interface layer + particle 

surface) [46]. 
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     In addition to the two-dimensional trains, which are anchored to the surface, the rest of 

the chain is in the vicinity of the surface in the form of loops and tails with their segments 

extending into the liquid phase.  The relative sizes of loops, trains, and tails depend on the 

flexibility and length of the chain [47].  Even at low particle concentrations, individual 

polymer chains can physically attach to multiple particles, forming bridging networks [48].  

An assumption for the adsorption process is that the polymer chains initially attach very 

rapidly to the bare nanoparticle surface and with the increasing coverage the attachment 

process slows down proportionally.  The adsorption energy of the polymer chains and the 

molar mass distribution has an effect on the adsorption process [49-53].  For polymers with a 

broad molar mass distribution, the surface is assumed to be saturated with a macromolecular 

monolayer, composed of low molar mass species.  Later, the lower molar mass chains are 

substituted by the high molar mass chains due to an entropic reason.  This adsorption process 

is irreversible, since many points along the chain are attached to the nanoparticle surface.  

The polymer matrix becomes a non-continuum medium, if the polymer chains are strongly 

adsorbed on the nanoparticles surface.  The nanoparticles surrounded by the polymer chains 

or interfacial chains form new filler particles with an increased effective filler volume.  

These particles consist of a hard core surrounded by an immobilized soft polymer shell and 

are regarded as core-shell particles.  The thickness of the polymer shell is related to the molar 

mass.  Generally, the adsorption process of the polymer chains to the filler surface is 

complicated to have a quantitative analysis.  Different adsorption processes affect the 

properties of the polymer matrix.  

Chapter 1 
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Potential Applications and Future Perspective of Nanocomposites 

     Nanocomposites could achieve dramatic commercial importance in the field of advance 

composites.  Particularly, in case of cross-ply composites, due to low strength and modulus 

of the matrix phase, carbon reinforced composites have a limit on achievable properties.  

Modification of the matrix phase with carbon nanotubes at the lower scale of dimensions and 

carbon nanofibers at a higher dimension scale would allow for significant increase in the 

strength and modulus contributions of the matrix to the overall composite properties.  This 

could offer dramatic improvement in cross-ply composites which are the major type of 

composite structure utilized in advanced composite applications.  These improvements are 

key to wind energy turbine and future aircraft applications.   

      Translation of secret of nature’s methodology for optimization of material properties by 

nano-level construction (biomimetics) to polymer nanocomposites could allow great 

advances.  Nanostructures surfaces have been observed to yield exceptional adhesion (gecko 

foot) and super hydrophobic character (lotus leaf).  The combination of the biological and 

polymer material science disciplines often involves the design of nanoscale polymeric 

composite materials to mimic the biological systems.  

     It is expected that the fundamental and applied research in the field of polymer 

nanocomposites will facilitate the development of innovative materials with enhanced 

properties involving components not yet foreseeable or of novel applications for existing 

materials with suitably tailored properties.  

Chapter 1 
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1.2 Theoretical Background 

Surface activity and surface energy 

     Surface forces play an important role in the preparation and performance of polymer 

nanocomposites, as they influence the adhesion between the polymer and the nanoparticles.  

The reinforcement of elastomers by particulate fillers is dependent on the physical 

interactions between the filler and rubber matrix.  The surface activity is related to the 

number and type of active functional groups and the surface energy.  The surface activity 

determines the compatibility between the filler and a specific elastomer and the ability of an  

elastomer to adhere to the inorganic phase.  Generally, it is attributed to the distribution of 

active sites on the surface of reinforcing fillers for the adsorption of polymer segments.  Even 

though a filler possesses high aspect ratio and a high surface, it can offer relatively poor 

reinforcement when its specific surface possesses low activity.  Carbon black (CB) is a good 

example of a filler which displays high surface activity due to the variety of chemical groups 

such as phenols, quinone, carboxylic acid groups present on the filler surface.  Due to the 

presence of numerous active sites on the surface of CB, it is compatible and interacts 

strongly with the elastomers as well as non-polar rubbers such as NR and SBR, without the 

need of any surface modifiers. 

     In contrast to CB, silica is hydrophilic with silane (Si-OR) and acidic silanol (Si-OH) 

groups attached to the surface.  Due the highly polar surface, silica does not interact well 

with non-polar elastomers such as SBR.  The presence of silanol groups on the surface leads 

to strong filler-filler interactions, resulting in high level of interparticle interaction and finally  
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in agglomeration.  This indicates that CB being less polar than silica is better suited for the 

reinforcement of non-polar hydrocarbon elastomers.  The surface of non-black fillers, such as 

silica should be modified to decrease their hydrophilicity and polarity and increase their 

compatibility with elastomers for improved reinforcing capabilities.   

     One of the most convenient and sensitive techniques for the characterization of surface 

activity of fillers is inverse gas chromatography (IGC) at infinite dilution.   It is based on the 

adsorption and desorption kinetics of the gas molecules in the flow of an inert carrier gas and 

is widely used to determine the surface energy as well as the highly active present on the  

filler surfaces.  A good match of surface energies indicates polymer-filler interactions and 

greater compatibility of the rubber and filler.  For instance, a high degree of agglomeration in 

the rubber matrix results from the large energy differences between the polymer and filler, 

strong interparticle forces and high filler loadings. The surface energy of the filler gives the 

measure of the compatibility with the rubber.  The surface energies of fillers are much higher 

than that of organic polymers.  Most fillers have surface energies greater than 100 mJ/m2, 

whereas polymers typically have surface energies of approximately 35 mJ/m2. 

     Wang and coworkers utilized IGC to compare the surface energies of a wide range of 

commercial CB and silica.  The surface energy of fillers can be described by the following 

simple equation (Eq. 1): 

𝛾𝑆 =  𝛾𝑆
𝐷 + 𝛾𝑆

𝑆𝑃    (1) 
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where γs is the surface energy, γs
D is the dispersive component and γs

SP is the specific or 

polar component.  Fillers with with high filler-filler interaction will have high specific 

component of the free surface energy (γs
SP), and fillers with high rubber-filler interaction will 

have high dispersive component of the surface free energy (γs
D).  CB possesses a high γs

D, 

which is related to stronger interactions between the hydrocarbon rubber and the filler.  In 

contrast, silica is characterized by a lower γs
D, and a higher specific component of the surface 

free energy, represented by a high Sf, which is related to stronger filler-filler interactions.  

     The surface characteristics of silica can be altered by surface modification, thereby 

decreasing the specific component of the surface free energy and consequently, increasing 

interactions between the rubber and silica.  The resulting material exhibits improved 

dispersion and remarkably enhanced processability.  In addition, other types of fillers such as 

double layered hydroxides, montmorillonite and graphene have been modified by various 

types of organic compounds to control the filler surface energy, reduce hydrophilicity and  

increase the interlayer distance.  This has resulted in enhanced contact between the rubber 

and filler. 

 

Wetting and Spreading 

     The wetting parameter is important in the bonding or adherence of the filler to the 

polymer and depends on the filler hydrophilicity or polarity and the available polar groups of 

the polymer.  Wetting depends on the energies (or surface tensions) of the interfaces  
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involved such that the total energy is minimized.  The degree of wetting is determined by the 

contact angle Ɵc, at which the liquid-gas interface γLG meets the solid-liquid interface γSL.  

A contact angle of 90° or greater, generally characterizes the surface as non-wetttable, called 

hydrophobic and interact through van der waals forces and have lower or no capacity to form 

hydrogen bonds.  On the other hand, if the contact angle is less than 90°, the fluid will spread 

to cover a large area of the surface and the wettable surface may be termed as hydrophilic.  

Hydrophilicity means that molecule can transiently bond to water through hydrogen bonding. 

The spreading parameter 𝑆 is useful for gauging wetting and is given by Eq. 2:   

𝑆 =  𝛾𝑆𝐺 − (𝛾𝑆𝐶 + 𝛾𝐿𝐺)    (2) 

When S < 0, there is partial wetting, when S > 0, the liquid wets the surface completely. 

 

Adhesion 

     The degree of adhesion between the filler and polymer matrix influences the mechanical 

properties of nanocomposites.  However, due to several factors such as the specific 

combination of materials, inherent properties of constituents or the conditions under which 

the composites are used, the adhesion is not always perfect.  This can be predicted 

theoretically, although it is difficult to prove experimentally.  The first criterion for good 

adhesion is intimate contact, i.e. good wetting of the surface.  Wetting is a necessary, but not 

sufficient condition for good adhesion.  The simple case is to consider the work of adhesion  
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to be associated to non-polar (London forces) between the materials.  This is the case when 

at least the adhesive (polymer melt) or adherand (filler surface) is non-polar.  So, for 

thermoplastics such as polytetrafluoroethylene (PTFE), PP, and PE this simple case is 

applicable.   

     The work of adhesion (Wa) in the case of non-polar system is expressed in Eq. 3.   

WA = 2√𝛾𝑆𝛾𝐿    (3) 

where γs and γL refer to the surface energies of the solid and liquid respectively.  

     This implies that the work of adhesion can be maximized for a given adherand by 

maximizing the surface energy of the adhesive.  However, it is also known that wetting is 

required and the surface tension of the adhesive must not exceed that of the adherand.  The 

ideal case is when the surface tension of the polymer melt is high as possible, but without 

exceeding that of the filler surface, so that the spontaneous spreading still occurs.  This has 

been experimentally verified for a range of polymeric adhesives on a set of surface with 

controlled surface energy. 

     Later, it was realized that polar interactions could also play a role in wetting and adhesion.  

The surface energy term was divided into non-polar and polar components and new equation 

was proposed to include the factor of polar interactions across the interface (Eq. 4).  From 

this equation, it is expected that the maximum adhesion will occur when the ratio of polar to 

non-polar surface energy is the same for the adhesive and the adherand.      
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𝑊 =  𝑊𝐴
𝑑 + 𝑊𝐴

𝑝
= 2 √𝛾𝑠

𝑑𝛾𝑐
𝑑 +  2 √𝛾𝑠

𝑝
𝛾𝑐

𝑝
     (4) 

     Further the importance of Lewis acid and base interactions were considered for 

calculating the work of adhesion (Eq. 5). 

𝑊𝐴 =  𝑊𝐴
𝑑 + 𝑊𝐴

𝑝
+ 𝑊𝐴

𝐴𝐵    (5) 

     Schreiber and coworkers used plasma treatment to alter the lewis acid–base balance of 

fillers and then compounded with LLDPE and poly(ethylene-vinyl acetate) [EVA], which is 

based on PE, but contains some (28 mole %) acetate groups, which are found to be lewis acid.  

They then assessed the effect of adhesion on mechanical performance of the composites by 

measuring tensile modulus and elongation at break.  The maximum modulus and adhesion  

were obtained when the filler was plasma treated with methane to make the surface non-polar, 

same as that of polymer.  

     In the case when filler was plasma treated with ammonia, the results obtained are different 

for both LLDPE and EVA.  In case of EVA, the highest modulus and least elongation to  

break were recorded due to enhanced adhesion from the bonding between the lewis acidic 

groups in the polymer and the lewis basic sites introduced on the surface of the filler.  On the 

other hand, in LLDPE, lower modulus and higher elongation at break was obtained due to 

reduced adhesion between the non-polar polymer and polar filler surface.  
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Percolation in Composites 

     Percolation represents the standard model for structurally disordered systems [54-56].  

For explaining this, a cubic lattice is considered where each site is randomly occupied with 

probability p or is empty with probability 1-p (Fig. 2).   

 

 

 

 

 

 

Figure 2.  Illustration of site percolation for three different concentrations: p = 0.2, 0.59 and 

0.80.  The occupied sites are represented by small circles. Open and close circles mark large 

infinite and finite clusters respectively [54].  The lines connect the nearest neighbour cluster 

sites.  

 

     Empty or occupied sites may stand for very different physical properties.  If it is assumed 

that occupied sites behave as electrical conductors and empty sites as insulators, then the 

electric current can flow between neighbor conductor sites.  At low concentration, the 

conductor sites are either isolated or form small clusters of nearest-neighbor sites.  If the two 

conductor sites are connected by a path of nearest neighbor-conductor sites, then the current 

can flow between them and the conductor-sites are considered to belong to the same cluster.  

At low values, the mixture behaves as an insulator, since no conducting path connecting  
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opposite edges in the lattice exist.  On the other hand, at large values, the mixture behaves as 

conductor, where electric current can flow, due to the existence of many conducting paths 

between opposite edges.  At some concentration in between, a threshold concentration must 

exist where for the first time electrical current can percolate form one edge to the other.  

Below this, there is insulator and above that is conductor.  The threshold concentration is 

called the ‘percolation threshold’ or the ‘critical concentration’ since it separates the two 

different phases.  This percolation transition is refereed as geometrical phase transition which 

is characterized by the geometric features of large clusters in the neighborhood of pc.  At low 

values of p, only small clusters of occupied sites exist.  At increased concentration, the 

average size of the clusters increases.  At the critical concentration, a large cluster appears 

which connects opposite edges of the lattice.   

     This cluster is called as infinite cluster, since it diverges in the thermodynamic limit.  

When p is increased further, the density of the infinite cluster increases, since more and more 

sites become part of the infinite cluster, and the average size of the finite clusters, which do 

not belong to the infinite cluster decreases.  Trivially, at p = 1, all sites belong to the infinite 

cluster.  The percolation transition is characterized by the geometrical properties of the 

clusters near pc.  The probability P∞ that a site belongs to the infinite cluster is zero below pc 

and increases above pc as represented by Eq. 6: 
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     Fig. 3 illustrates this behavior.  The linear size of the finite clusters, below and above pc is 

characterized by the correlation length ξ.  The correlation length is defined as the mean 

distance between two sites on the same finite cluster and represents the characteristic length 

in percolation.  When p approaches pc, ξ increases as represented by Eq. 7: 

 

 

with same exponent v below and above the percolation threshold.  While pc depends 

explicitly on the type of the lattice, the critical exponents β and v are universal and depend 

only on the dimension of the lattice and not on the type of lattice. 

 

 

 

 

 

 

Figure 3.  Schematic representation of the probability P∞ (Eq. 6, bold line) and the 

correlation length ξ (Eq. 7, thin line) versus the concentration p of occupied sites [57].    
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Application of Percolation Theory 

     The percolation theory [58,59] is considered as most appropriate for the description of an 

abstract model of the conducting polymer composite materials.  Since majority of the 

polymers are typical insulators, the probability of transfer of current carriers between two 

conductive points isolated from each other by an interlayer of the polymer decreases 

exponentially with the growth of gap Ig (tunnel effect) and is other than zero only for Ig < 100 

Å.  Because of this reason, the transfer of current through macroscopic distances can be 

affected via the contacting-particle chains.  The importance of percolation theory lies in the 

calculation of the probability of the formation of such chains.  It is also important to be noted 

that the concept of contact is not only for the particles in direct contact with each other but 

apparently implies convergence of the particles to distances at which the probability of 

transfer of current carriers between them becomes other than zero.  The main concept of 

percolation theory is the so called percolation threshold Cp – minimum concentration of 

conducting particles C at which a continuous conducting chain of macroscopic length 

appears in the system.  For the determination of this magnitude, the Monte Carlo method or 

the calculation of expansion of coefficients of Cp by powers of C is used for different lattices 

in the knots of which the conducting particles are located.  The value of the percolation 

threshold for a continuous 3-dimensional medium equals Cp ~ 0.15.  

     Calculation of dependence of conductivity on the conducting filler concentration is a very 

complicated multifactor problem, as a result it depends primarily on the shape of the filler 

particles and their distribution in a polymer matrix.  According to the nature of distribution of  
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the constituents, the composites can be divided into matrix, statistical and structurized 

systems.  In matrix systems, one of the phases is continuous for any filler concentration.  In 

statistical systems, constituents are spread at random and do not form any regular structures.  

In structurized systems, constituents form chain-like, flat or 3-dimensional structures.  In the 

matrix systems, the maximum values of the percolation threshold are obtained because the 

filler doesn’t form chain-like structures till large concentrations.  In practice, statistical or 

structurized systems are preferred because they become conductive at relatively smaller 

concentrations of the filler.  The deviation of the percolation threshold form the values of Cp 

to either side for a statistical system (~0.15) can be used to judge the nature of the filler 

distribution.   

     The composite obtained by pressing a mixture of the polymer powders and metal with 

radii of Rp and Rm, respectively (Rp > Rm) is an example of structurized system [60].  When 

the powders are being mixed, metal particles stick around polymer granules and if the 

pressing temperature is lower than the polymer melting temperature, the metal particles do 

not penetrate inside the granules.  As the volume of the material accessible for the filler is  

artificially reduced, conducting chains are formed at lesser concentrations and the larger the 

Rp/Rm ratio, the more reduced is the percolation threshold.   

The percolation theory [5, 20-23] is the most adequate for the description of an 

     The composites with the conducting fibers may also be considered as the structurized 

system.  The fiber with diameter d and length l may be considered as a chain of contacting 

spheres with diameter d and chain length l.  Thus, comparing the composites with dispersed  
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and fibre fillers, it can be said that N= 1/d particles of the dispersed filler are as if combined 

in a chain.  From this qualitative analysis, it follows that the lower the percolation threshold 

for the fibre composites the larger must be the value of 1/d.  This conclusion is confirmed 

both by the experimental data and the calculations for model systems.  For 1/d ~103, the 

value of the threshold concentration can be reduced to between 0.1 and 0.3 percent of the 

volume.    

Halpin-Tsai Equations 

     A set of empirical relationships that enable the property a composite material to be 

expressed in terms of the properties of the matrix and reinforcing phases, taking into account 

their respective proportions and geometry are termed as halpin-tsai equations [61].  Among, 

the various micromechanics relationship available, the most widely used are the Halpin-Tsai 

equations because of their relatively simple form of expression and their ability to describe 

experimental data with reasonable accuracy [62].  Eq. 8 represents the general form: 

𝑃 = 𝐻𝑆(𝑃𝑓 , 𝑃𝑚 , 𝑉𝑓 , 𝜉𝑝) =  𝑃𝑚  
1+𝜉𝑝𝑛𝑝𝑉𝑓

1−𝑛𝑝𝑉𝑓
  where 𝑛𝑝 =  

𝑃𝑓− 𝑃𝑚

𝑃𝑓+ 𝜉𝑝 𝑃𝑚
   (8) 

     Here the Halpin-Tsai relationship is represented by the function HS.  The equivalent fiber 

and matrix values of the property to be determined are represented by Pf and Pm, respectively.  

ξP represents the contiguity factor which describes the influence of the phase arrangement of 

the reinforcing phase on the particular property, identified by the subscript.   
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Although, there is no formal derivation for Halpin-Tsai equations, but they exhibit 

resemblance to certain elasticity-based expressions for elastic properties of mixtures of 

materials.  In some special cases, they are also reduce to some well-known analytical 

expressions.  ξP = 0 and ξP = ∞ are the most extreme cases.  In these cases, the Halpin-Tsai 

equations for modulus reduce to the lower and upper bound expressions respectively, Eqs. 9 

and 10. 

                                                    E1 = EfVf + EmVm    (9) 

𝐸2 =  (
𝑉𝑓

𝐸𝑓
+ 

𝑉𝑚

𝐸𝑚
)

−1

   (10) 

    Values of the ξP for Halpin-Tsai equations are given in Table 1.  To enable the most 

accurate fit to be obtained to each particular set of experimental data, it is permissible to 

adjust ξP due to empirical nature of Halpin-Tsai equations.  In case of fibers that are 

themselves anisotropic i.e. carbon and aramid, it is necessary to use the appropriate Pf value 

for the determination of specific property (i.e. the fiber transverse modulus should be used 

when calculating the ply transverse modulus).  The same applies for shear moduli. 
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Table 1.  Values of the contiguity factor for Halpin-Tsai equations [63]. 

Case ξP 

Perfectly aligned continuous fibres.  

Young’s modulus, E11, parallel to fibers 

ξ11 = ∞ (equivalent to Eq.3) 

Imperfectly aligned (or wavy) continous fibres. 

Young’s modulus, E11, parallel to fibres. 

ξ11 < ∞ (often in the range, 100-1,000, 

adjusted to allow for lack of perfect fiber 

alignment) 

Aligned discontinuous fibres, length, L and 

diameter D. Young’s modulus, E11, parallel to 

fibres. 

ξ11 = 2L/D 

Aligned continous or discontinuous fibres. 

Young’s modulus, E12, perpendicular to fibres. 

ξ22 = 2 or value to achieve best fit to data 

Aligned continous or discontinuous fibres. 

Shear modulus, G12, for shear parallel to fibres. 

The same expression also applies for G13. 

ξ12 (or ξ13) = 1 or value to achieve best fit 

to data 

All, the above, principal Poisson’s ratio, v12 ξv12 = ∞ (equivalent to Eq.4 ) 

   

     The Halpin-Tsai relationships can be used to derive all the elastic constants for laminate 

possessing a particular reinforcement content and architecture, when the elastic constants of 

the polymer matrix are known.  For this, the relationships between the elastic constants for 

an isotropic material are useful (Eq. 11).  

                           𝐺 =  
𝐸

2 (1+𝑣)
 , 𝐾 =  

𝐸

3 (1−2𝑣)
 and 𝐺 =  

3𝐾 (1−2𝑣)

2 (1+𝑣)
   (11) 
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  These relationships are applicable for all isotropic matrix and fiber materials (i.e. all resins 

and glass fibers, but not carbon or aramid).  Only, the value of young’s modulus is frequently 

known.  In this case, the shear modulus may be found by assuming a particular value for the 

Poisson’s ratio, 0.35 is a typical value for resins and 0.28 for glass fiber.  When the resin is 

above its glass transition temperature, the Poisson’s ratio becomes large, eventually 

approaching the value of 0.5, often assumed for rubbers.  The effect of the value chosen for 

Poisson’s ratio is not very large.   

Thermal conductivity of polymers 

     Polymers have low thermal conductivity. The thermal conductivity of insulating 

polymeric materials is usually 3 to 5 orders lower than that of metals and ceramics.  Due to 

the chain-like structure, the heat capacity of polymers consists of the contribution from two 

mechanisms: i) lattice vibrations and ii) characteristic vibrations, originating from internal 

motions of the repeating unit.  The lattice (skeleton) vibrations are acoustic vibrations, which 

mainly contribute to the thermal conductivity at low temperature.  The optical vibrations, 

which are characteristic vibrations of the side groups become visible above 100 K.  

Generally, in case of amorphous polymers thermal conductivity increases with increasing 

temperature, if the temperature is in glassy region and remains constant or decrease slowly in 

the rubbery region. 

     Numerous applications in the field of electrical engineering such as insulating materials 

for power equipment, electronic packaging and encapsulations and other areas where good  
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dissipation is needed require thermal conductivity.  Thermal conductivity improvement in 

polymers may be achieved either by addition of highly heat conductive fillers or by 

molecular orientation of polymer.  The main approach to improve the low thermal 

conductivity of polymers is to fill them with particles with high thermal conductivity.   

Industrial companies specializing in the production of polymer-based insulating materials, 

use a fill grade up to 60 wt% of alumina or silica.  The thermal conductivity of these fillers is 

not so high but the price is low. 

Modeling of thermal conductivity in nanocomposites 

     It is difficult to evaluate the properties of final composites due to almost infinite number 

of possible material compositions such as weight fraction of filler, kind of polymer matrix, 

type of thermally conductive filler etc.  Therefore, during the process of screening 

appropriate compositions for the selection of the more favorable ones, theoretical predictions 

and modelling play a significant role.  By the application of modelling, firstly dependence of 

thermal conductivity of composite on the matrix and filler thermal conductivity can be 

determined.  Secondly, ideal thermal conductivity of many materials such as polymers, 

ceramic particles, carbon nanotube and graphite can be predicted by modeling such as 

molecular dynamics simulations.  Other factors such as morphology of the filler (percolated 

network, fractal clusters, individual particles, aggregates), anisotropy (for filler particles 

having non-spherical morphology), effects of processing history and properties of filler–

matrix interfaces (Fig. 4).  
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Figure 4.  Factors influencing the thermal conductivity of composites [64]. 

     Mainly, models for composites can be divided into two classes – finite element 

simulations and analytical micromechanical models.  Usually, finite element models offer 

higher opportunity for the calculation of thermal conductivity of composites accurately by 

taking into consideration both the possible interfacial resistance and realistic composite 

morphology but they are usually time-consuming and are mainly used to test predictions of 

consecutive models.  Analytical micromechanical models provide closed-form expressions 

for the thermal conductivity of composites as functions of the thermal conductivity of filler 

materials and the matrix.  The assumptions of these models usually include ideal matrix-filler 

interfaces (no thermal resistance for phonons) and idealized morphology (uniform dispersion 

of filler particles).  However, the predictions are usually qualitative, as a result of which 

these models can offer quicker estimates of the dependence of thermal conductivity of  
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composites on the filler loading and the thermal conductivity of both the filler and the matrix.  

As a result, these models can provide very quick estimates of the dependence of composite 

thermal conductivity on the filler loading and thermal conductivity of filler and the matrix. 

 

Consecutive (micromechanical) modeling 

     The simplest approach to estimate the thermal conductivity of the composites is the rule 

of mixture (parallel and series model). 

In the parallel model, the overall thermal conductivity constitutes the contribution from the 

matrix and filler independently, corresponding to their relative volume fractions (Eq. 12). 

λc = ɸ λf  + (1-ɸ) λm    (12) 

The series model is applicable in the case where there is a uniform dispersion of fillers in the 

matrix and there is no percolation even at high filler concentrations (Eq. 13). .  

1

λ𝑐
 = 

Ф

λ𝑓 
+  

1−ɸ

λ𝑚
    (13) 

In all the formulas λc, λf and λm represents the composite, filler and matrix thermal 

conductivities respectively.  ɸ is the volume fraction of the filler.  

     The parallel or series models are applicable only when the filler particles are either in 

parallel or series with respect to the heat flow.  Since the particles are randomly distributed  
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and are not perfectly aligned in the direction of heat flow in the polymer.  Therefore, parallel 

and series model are normally not effective in prediction of the thermal conductivity of the 

composites.  The series model is usually closer to the experimental data, therefore many 

different models are developed from the basic series model as compared to parallel model. 

[65].  These models generally introduce some more complex volume fractions and weighted 

averages on thermal conductivities of polymer and matrix.  These models are based on the so 

called effective medium theories or effective medium approximations.  Two commonly used 

models based on effective medium approximation methods are the Maxwell-Garnett [66] and 

the Bruggeman [67].    

     Maxwell-Garnett derived the expression (Eq. 14) for the thermal conductivity of 

randomly distributed and non-interacting homogenous nanoparticles in a homogenous 

medium.  

λc =  λm
[2 λm+ λf+2 Ф (λf−λm)]

[2 λm+ λf+Ф (λf− λm)] 
      (14) 

Fricke extended Maxwell-Garnett’s model for ellipsoidal particles in a continuous phase. 

     In the effective medium approach, the basic assumption of separated particles for highly 

filled composites is not valid, where contacts are likely to occur, possibly leading to 

thermally conductive paths.  For these types of composites, a much better description is 

provided by the Bruggeman model.  In this model, mean field approach is used to capture the 

interactions among the randomly distributed fillers.  For this model, there is no limitation on 

the concentration of inclusions.  As a result, it is widely used for particle percolation in  
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suspensions, i.e. particle clustering effect.  For a binary composite containing spherical fillers 

and matrix, the Bruggeman model yields the following Eq. 15:  

 

1 − Ф = (
λf− λc

λf− λm
) . (

λm

λc
)

1/3
    (15) 

 Bruggeman and Maxwell-Garnett models give quite similar predictions for low filler 

loadingcomposites.   The Maxwell-Garnett model significantly underestimates the thermal 

conductivity for high filler loading and in systems where thermally conductive fillers form 

percolated pathways, while the Bruggeman model can well describe the experimental data.  

Hence, the Maxwell-Garnett model is used to approximate the thermal conductivity of 

composites and Bruggeman model is used to predict the effective thermal conductivity of 

particle clusters [68].  The representation of this combination approach is depicted in Fig. 5. 

 

 

 

 

 

   

Figure 5.  Representation of well-dispersed aggregates in composites. Solid line represents 

the thermally conductive path [64]. 
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Finite element modeling 

     The aforementioned approaches based on consecutive modeling offer quick estimation of 

the trends expected upon changes in loading of filler or filler type, but they are applicable to 

some very specific situations (e.g. perfectly aligned ellipsoidal fillers in a homogenous 

matrix or monodisperse spherical fillers in a homogenous matrix).  Usually, there is more 

complication in case of composite morphology, in which numerical based approaches such 

as finite difference modeling or finite elemental analysis could be more suitable.   In general, 

within finite elemental analysis approach, the morphology of a composite material is 

considered and then the stationary equation of heat transfer in solids (Eq. 16) is solved.  

∇(k(r)∇T(r)) = 0    (16) 

Subjected to the boundary condition,  

𝑘
𝜕𝑇

𝜕𝒏
=  −𝐽    (17) 

 

where, ∂T/∂n denotes the normal derivative at the boundary condition.  If at the boundary X 

= 0, the heat flux J is applied, while the boundary X = X0 is maintained at constant 

temperatureT0, and the heat flow through the XY and XZ boundaries is neglected, then 

effective conductivity of sample can be calculated as: 

𝑘𝑒𝑓𝑓 =  
𝐽𝑋0

<𝑇(𝑥 = 0).− 𝑇0
    (18) 
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where the < > brackets indicating average over y and z in the x = 0 plane.  For computing the 

principal components of the symmetric tensor kij (the symmetry of the tensor follows from 

the Onsager reciprocal relations) in other directions, similar calculations could be done in 

case of composites possessing anisotropy [69,70].  In most of the cases, polymer-based 

composites are either isotropic (only one thermal conductivity number is needed) or having a 

preferential filler plane orientation (two thermal conductivity numbers namely in-plane and 

through-plane are required). 

 

1.3 Polyolefin-based Nanocomposites 

     Owing to high technology and sustainability of polymerization process, their excellent 

thermomechanical properties and good environmental compatibility, including easy 

recycling, polyolefins are considered as one of the most widely used thermoplastics.  In the 

last few decades, much attention has been devoted worldwide to extend the applications of 

polyolefins by introducing novel properties through blending and mixing with different 

materials.  Due to recent development in the field of nanotechnology, there has been growing 

interest in polyolefin-based nanocomposites to further expand their versatility and explore 

new specialty.  However, fabrication of industrially viable polyolefin-based nanocomposites 

is extremely challenging owing to the chemical inertness of polyolefin against inorganic 

nanoparticles, compared to other polymers containing polar functional groups which can 

more or less interact with nano-fillers [71].  In most of the cases, nano-fillers do not disperse 

well in polyolefin resulting in formation of large and compact aggregates with significant  
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reduction in reinforcement and even negatively affecting ductility and transparency.  Various 

strategies have been employed for the fabrication of polyolefin-based nanocomposites so as 

to improve the dispersion of nano-fillers and interfacial bonding between the matrix and the 

filler.  The most versatile strategies to overcome the dispersion of nanoparticles include 

addition of a compatibilizer, typically side functionalized polyolefin such as maleic 

anhydride grafted polypropylene (MAPP) and to chemically modify the nanoparticles surface 

by short aliphatic alkyl chains, for e.g. silane coupling agents or ternary ammonium salts [72-

74].   

     With their use, good dispersion could be achieved in a relatively economical way but they 

involve some disadvantages such as: i) formation of soft interfacial layer between the matrix 

and the filler, hampering the hardness of fillers and limiting the reinforcement [75]and ii) 

accelerated oxidative degradation of the matrix.  Polymer grafting is another versatile and 

scalable approach due to its direct application to the conventional melt-mixing process, 

which aims not only at compatibilization of nano-fillers but also better interfacial interaction 

connection through interdiffusion and entanglement between grafted and matrix polymer 

chains [76-78].  Although, it provides great interfacial reinforcement but the drawback is at 

the elaborate synthesis of the polymer-grafted nano-fillers, which is crucial for polyolefin as 

the most economical plastic.  Another commonly employed strategy is the in-situ 

polymerization in which olefin polymerization is conducted in the presence of nano-fillers 

that bear a catalytic activity [79,80].  This method facilitates good dispersion of nano-fillers 

without a dispersant but the performance of the catalyst (10
2
-10

3
 gram polymer per gram  
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catalyst) is unacceptably poor compared with an industrial process (10
5
-10

6
).  Although all of 

these approaches have greatly refined the design of polyolefin based nanocomposites but so 

far none of the proposed strategies has offered a versatile solution for the cost performance 

problem in these nanocomposites. 

1.4 Reactor Granule Technology 

     The process involving controlled, reproducible polymerization of olefinic monomers on 

an active MgCl2 supported catalyst giving rise to the formation of growing, spherical 

polymer granule which provides a porous reaction bed within which others monomers can be 

introduced and polymerized to form a polyolefin alloy is termed as reactor granule 

technology [81,82].  The exploitation of RGT has led to the development of a class of 

polypropylene products ranging from supersoft alloys to superstiff, high fluidity 

homopolymers and stiff/impact or clear/impact heterophase copolymers. 

      

 

 

 

 

 

 

Figure 6.  Schematic representation of the multigrain model [83]. 
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     In olefin polymerization, the particle growth is usually described by the “multi-grain” 

model [84,85].  The schematic drawing is illustrated in Fig. 6.  According to this model, the 

catalysts comprises of multi grain particles (smaller fragments).  As the polymerization 

proceeds, the initial catalyst support becomes fragmented and dispersed within the growing 

polymer matrix.  Monomers polymerize on active centers of these catalyst fragments, 

forming a polymer shell and causing the catalyst grain to further expand progressively.  The 

process of polymer formation is based on the catalyst-to-polymer replication phenomenon so 

that a spherical support in the size range of 10-100 µm will give spherical polymer 

morphology with particle size generally in the range of 100-3000 µm, dependent on the 

catalyst activity.  The key features in the replication process are the extensive fragmentation 

and uniform particle growth (Fig. 7).  These are dependent on a high surface area, a 

homogenous distribution of catalytically active centers throughout the particle and free 

access of the monomer to the innermost zones of the particle.  The obtained polymer granule 

with a porous architecture, so called reactor granule is typically utilized for reactor blending for 

the production of rubber-toughened polypropylene [81,86].  
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Figure 7.  Polymer particle growth [86]. 

 

1.5 Purpose of the Present Research 

     Polymer nanocomposites have emerged as an attractive hybrid material, where the 

inclusion of nano-sized fillers dramatically improves the properties of base polymer at a low 

filler loading.  Some properties such as flame retardancy, thermal conductivity, electric 

conductivity etc. still require a relatively high amount of filler loading to achieve industrial 

requirements, in which it is difficult to maintain nano-level dispersion due to the tendency of 

nanoparticles towards agglomeration.  The most employed strategies to achieve nano-level 

dispersion of filler are the addition of a compatibilizer and organic modification of filler 

surfaces.  These dispersants improve poor compatibility between hydrophilic nano-fillers and 

hydrophobic polymer such as polyolefins but at the same time cause problems of additional 

cost, limited processibility, accelerated degradation and so on.  Moreover, compounding of 

thermoplastics generally employs melt mixing of commercially available nanofillers with  
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pellets, where microscopic dispersion must be achieved by mixing macroscopically separated 

substances (i.e. nano-fillers and pellets).  Such a process sounds obviously inefficient for the 

combination of nano-fillers and polyolefins.  Fabrication of highly filled polyolefin-based 

nanocomposite has been a key issue in polyolefin industry. 

     In this study, I aimed my focus on establishing a methodology which can facilitate the 

successful fabrication of functionally advantageous highly filled polyolefin-based 

nanocomposites in a simple, versatile and cost-effective manner.  I have successfully 

disclosed a novel methodology based on pore confinement concept for the in-situ fabrication 

of polyolefin nanocomposites in a dispersant-free manner.   

     Reactor granule obtained by propylene polymerization was impregnated with metal 

alkoxide as precursor for metal hydroxide/oxide.  The metal alkoxide was uniformly loaded 

in the porosity of the reactor granule of polypropylene (PP), which was pre-hydrolysed and 

chemically converted to metal hydroxide/oxide nanoparticles in melt-mixing, leading to 

unprecedented dispersion even at a high filler loading.  The basic aim of this research is to 

further develop the new reactor granule technology for extensive functionalization of 

polyolefins and to explore the versatility of the method. 
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Abstract 

A novel additive-free reactor granule technology is reported for the fabrication of polyolefin-

based nanocomposites, which involves in-situ generation of nanoparticles with 

unprecedented dispersion even at high filler loadings.  Polypropylene reactor powder 

obtained by catalyzed propylene polymerization is first impregnated with magnesium 

ethoxide (Mg(OEt)2) solution.  After the solvent drying and hydration, the powder is melt 

mixed to convert Mg(OEt)2 hydrate into magnesium hydroxide (Mg(OH)2).  Thus prepared 

PP/Mg(OH)2 composites exhibit uniform dispersion of the in-situ formed Mg(OH)2 

nanoparticles even at a high filler loading (e.g. 20 wt%) without the use of dispersants, which 

is unexpected for the combination of hydrophilic filler and hydrophobic matrices.  The 

obtained nanocomposites significantly improve the flame retardancy at filler loading much 

lower than those for conventional composites. 

 

 

 

Keywords: nanocomposites, polyolefins, flame retardance, highly filled polymer 

nanocomposites, additive-free dispersion 
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2.1. Introduction 

     “Polymer nanocomposites” are a relatively new class of materials, in which the inclusion 

of a small amount of nano-sized filler dramatically improves properties of base polymer [1]. 

Such dramatic improvements arise mainly from enhanced interaction between polymer and 

nano-sized filler embedded in polymer matrices. Enhanced interaction necessarily indicates a 

strong propensity of nanoparticles toward self-agglomeration, which has been a bottleneck 

for polymer nanocomposites, especially for hydrophobic polymer (i.e. the most widely used 

thermoplastics).  A variety of strategies have been proposed to attain the nano-level 

dispersion of filler, in most of which both/either of compatibilizers and/or surface modifiers 

are employed.  These dispersants alleviate poor compatibility between the two substances 

[2,3], but at the same time cause problems such as cost penalty, unfavorable impacts on 

polymer properties [4,5], accelerated degradation [6,7] and so on.  Moreover, a great 

challenge exists when a relatively high loading of nano-sized filler is required, especially in 

improving dielectric properties and flame retardancy of polymer matrices, where a few tens 

to several tens percents of filler are usually added [8-10]. 

     Evidently, the best approach is to achieve the nano-level dispersion without any 

dispersants, which in turn reduces the required loading.  To realize uniform dispersion at a 

high filler loading, a lot of emphasis is focused on finding an additive-free route to prepare  
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highly filled nanocomposites with improved dispersion.  In this chapter of thesis, I report a 

novel strategy to prepare highly filled nanocomposites having an extremely nice dispersion 

in a dispersant-free manner.  The strategy involves solvent-aided impregnation of metal 

alkoxides into the porosity of polymer granule and subsequent chemical conversion of the 

metal alkoxides into inorganic nanoparticles during melt processing (Fig. 2.1), leading to 

unprecedented dispersion even at a high filler loading. 

     The proposed strategy was successfully applied to prepare flame-retardant polypropylene 

(PP)/magnesium hydroxide (Mg(OH)2) nanocomposites: The former as the most important 

but the most challenging plastic due to its chemical inertness, and the latter as the most 

widely employed non-halogenated flame retardant.  PP reactor powder directly obtained 

from catalyzed polymerization was first impregnated with magnesium ethoxide (Mg(OEt)2) 

dissolved in solvent.  Followed by a hydration process, the resultant powder was melt mixed 

for the in-situ conversion of Mg(OEt)2 hydrate into Mg(OH)2 nanoparticles.  Thus prepared 

nanocomposites exhibited not only complete chemical conversion but also uniform 

dispersion of in-situ generated Mg(OH)2 nanoparticles in a wide range of loadings (0-20 

wt%).  A dramatic enhancement in the flame retardancy was achieved at 20 wt%, while the 

addition of pre-formed nanoparticles hardly improved it at the same loading. 
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Figure 2.1.  New reactor granule technology for additive-free nanocomposites. 
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2.2. Experimental 

2.2.1. Materials  

     Reactor powder of PP (Mw= 2.6 x 105, Mw/Mn = 5.69 and mmmm = 98 mol%) was 

obtained by propylene polymerization using a MgCl2-supported Ziegler-Natta catalyst.  

Anhydrous Mg(OEt)2 used as a precursor was purchased from Sigma-Aldrich.  n-Octdecyl-3-

(3’,5’-di-t-butyl-4’-hydroxyphenyl)-propionate (AO-50) as a stabilizer was donated by 

ADEKA Corporation.  Mg(OH)2 nanoparticles with the particle size < 100 nm were 

purchased from Sigma-Aldrich as a reference. 

 

2.2.2. Preparation of PP/Mg(OH)2 nanocomposites 

 
     PP/Mg(OH)2 nanocomposites were prepared as follows: 40 g of the PP reactor powder 

was impregnated with a specific amount of Mg(OEt)2 dissolved in methanol/toluene solution 

(1/5 v/v) at 50 °C under N2 for 12 h.  The amount of Mg(OEt)2 was determined in order to 

satisfy 1.0, 3.0, 5.0, 10, 20 and 30 wt% of Mg(OH)2 on the assumption of the full conversion 

of Mg(OEt)2 into Mg(OH)2.  Followed by the impregnation and solvent removal in vacuo, 

the PP powder was either directly melt mixed or melt mixed after a hydration process that 

could be accomplished by sufficient exposure of the powder to the atmosphere.  The melt 

mixing was implemented in the presence of 1.0 wt% of AO-50 using an internal mixer (Toyo 

Seiki, LaboPlastomill) at 180 °C and 100 rpm for 20 min.   
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For comparison, 1.0-20 wt% of the pre-formed Mg(OH)2 nanoparticles was also melt mixed 

with the PP powder at the same conditions, and these reference samples are termed as 

“PP/Mg(OH)2-NP” in contrast to “in-situ PP/Mg(OH)2” prepared based on the proposed 

strategy.  For subsequent characterization, the nanocomposites were hot pressed into 100 

μm-thick films at 230 °C and 10 MPa, and then quenched at 100 °C for 5 min under N2. 

 

2.2.3. Characterization 

     Transmission IR spectra of the sample films were acquired on FT/IR-6100 (JASCO) with 

a resolution of 4 cm–1 and 24 scans.  The dispersion of nanoparticles in the matrix was 

observed by transmission electron microscopy (TEM, Hitachi H-7100).  TEM specimens 

with the thickness of 100 nm were prepared by an ultramicrotome (ULTRACUTS FCS, 

Leica) equipped with a diamond knife (Diatome).  The crystallinity and isothermal 

crystallization of the prepared nanocomposites was examined by differential scanning 

calorimeter (DSC, METTLER TOLEDO, DSC-822) in N2 with a flow rate of 75 mL/min and 

at a scanning rate of 10°C/min in the temperature range of 35-200°C.  The crystallinity of the 

samples was calculated from the following equation:  

Xc= (ΔHmmc/mp)/ΔH0 

where, Hm is the melting enthalpy measured in the heating experiments, H0 is the theoretical 

value of enthalpy of 100 % crystalline PP (H0= 207.1 J/g) [34], mc is the mass of the sample 

and mp is the mass of PP in the sample. 
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     The isothermal crystallization was investigated at 128 ºC.  The sample was kept at 230 ºC 

for 10 min to erase the thermal history, and then cooled down to 128 ºC at the cooling rate of 

20 ºC/min.  Tensile properties of nanocomposites were acquired using a tensile tester (Abecks 

Inc., Abe Dat-100) at a crosshead speed of 1.0 mm/min. Sample films were die-cut into 

dumbbell-shaped specimens with the overall length of 23 mm and the gage length of 5 mm.   

Tensile properties such as tensile strength and Young’s modulus were determined as an average 

value of 10 measurements.  Dielectric properties of nanocomposites were measured using a 

LCR meter (Agilent, Precision LCR meter E 4980A) in the frequency range of 102-107 Hz at 

room temperature.  A disc-shaped specimen with a diameter of 2.5 cm was coated with gold 

to create thin conductive layers for a parallel plate capacitor.  The thermal stability of the 

prepared nanocomposites was measured by thermal gravimetric analysis (TGA, Seiko, and 

TGA/DTA-6200).  The samples were heated in air with a flow rate of 200 mL/min and at a 

scanning rate of 10 ºC/min in the temperature range of 35-600 ºC.  The flammability of the 

sample films (160 x 60 x 0.1 mm3) was evaluated by limiting oxygen index (LOI) tests 

according to ISO 4589-2 using a flammability tester (ON-2M, Suga Test Instruments Co., 

Ltd.). 
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2.3. Results and Discussion 

2.3.1. Kinetics of pre-hydrolysis 

     After impregnation of Mg(OEt)2 (whose amount corresponded to 10 wt% of Mg(OH)2), 

the PP powder was kept at room temperature under relative humidity (RH) of 25 or 75%.  

The kinetics of the reaction between Mg(OEt)2 and moisture was tracked by observing the 

weight increase/loss of the powder.  As can be seen in Fig. 2.2, the PP/Mg(OEt)2 powder 

underwent gradual weight loss, whose kinetics depended on RH.  The weight loss converged 

into ca. 67.3 wt% after 70 h, while into 66.6 wt% after 30 h.  Thus, more humid 

circumstance accelerates the kinetics.  Similar weight-loss kinetics was observed for pristine 

Mg(OEt)2 powder.  The weight loss clearly indicated that the exposure to the atmosphere 

made partial hydrolysis to liberate ethanol.  The apparent chemical composition 

corresponded to roughly Mg(OEt)1.2(OH)0.8 

. 
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Figure 2.2.  Kinetics of the reaction between Mg(OEt)2 and moisture. 

 

2.3.2. Chemical conversion 

     PP/Mg(OH)2 nanocomposites with different Mg(OH)2 loadings were prepared based on 

the proposed strategy.  The chemical conversion of Mg(OEt)2 into Mg(OH)2 was investigated 

by IR, and the results were compared with those for neat PP and PP/Mg(OH)2-NP (Fig. 2.3).  

As can be seen in Fig. 2.3a and 2.3d, the inclusion of Mg(OH)2 nanoparticles in PP resulted 

in absorption bands specific to Mg(OH)2: A broad band at 450-550 cm–1 for the Mg-O 

stretching vibration, and a sharp band at 3690 cm–1 for the O-H stretching vibration [11,12].          
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When the Mg(OEt)2-impregnated reactor powder was melt mixed without the pre-treatment 

process, the said two bands for Mg(OH)2 hardly appeared (Fig. 2.3b).  Instead, two bands 

specific to Mg(OEt)2 were observed at around 500-600 cm–1 and 1080 cm–1, respectively 

corresponding to the Mg-O (ethoxide group) and C-O stretching vibration [13,14]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.  FT-IR spectra: a) Neat PP, b) in-situ PP/Mg(OH)2 without hydration, c) in-situ 

PP/Mg(OH)2 with hydration and d) PP/Mg(OH)2-NP. The Mg(OH)2 loading for the 

nanocomposite samples was 5.0 wt%. 
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This fact clearly indicated that Mg(OEt)2 immobilized in the porosity of the reactor powder 

remained un-reacted during the melt mixing.  The exposure of the impregnated reactor 

powder to the atmosphere prior to the melt mixing dramatically improved the chemical 

conversion of Mg(OEt)2 into Mg(OH)2.   

     In Fig. 2.3c, it was found that the two peaks for Mg(OEt)2 were totally displaced by those 

for Mg(OH)2.  Thus, in-situ fabrication of Mg(OH)2 was successfully accomplished when the 

powder was hydrated prior to the melt mixing.  Mg(OEt)2 is known to facilely absorb water 

to form hydrate [15].  It is plausible that the absorbed water was utilized to fully hydrolyse 

Mg-OEt bonds into Mg-OH.  Hereafter, all the PP/Mg(OH)2 samples were prepared after the 

hydration process. 

 

2.3.3. Inorganic content 

     For verifying the actual inorganic content in the prepared nanocomposites, the weight 

fraction of the formed oxides was evaluated using TGA.  At 600 °C under air, all organic 

contents present in the nanocomposites are burned out and the remaining ash is considered to 

represent the inorganic content.  Table 2.1 summarizes the inorganic content for all the 

prepared in-situ PP/Mg(OH)2 nanocomposites.  It was found the actual inorganic content 

obtained from TGA was similar to the value expected from the theoretical content at the 

filler loading of 1.0 and 3.0 wt%.  On the other hand, the actual inorganic content was found 

to be lower than the theoretical content at 5.0 wt%.  When the pre-treatment process was 

employed, the inorganic content became much closer to the corresponding theoretical content.  
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This fact along with the IR results suggested that the pre-treatment process is essential at 

high filler loading for obtaining the desired amount of Mg(OH)2. 

 

Table 2.1.  TGA results for in-situ nanocomposites    

Sample Theoretical contenta 

(wt%) 

Actual contentb 

(wt%) 

PP/Mg(OH)2 (no pre-treatment) 1.0 0.9 

 3.0 2.8 

 5.0 3.7 

PP/Mg(OH)2 (pre-treatment) 5.0 4.8 

 10 9.4 

 20 18.9 

 

a Theoretical contents were estimated based on the assumption of the full conversion to 

oxides. 

b Measured by TGA. 

 

2.3.4. Spatial distribution of nanoparticles 

     Fig. 2.4 summarizes TEM images for the two types of PP/Mg(OH)2 nanocomposites at 5.0 

and 20 wt%.  As is frequent, the melt mixing of pre-formed Mg(OH)2 nanoparticles resulted 

in the formation of micro-sized aggregates, which became more serious at the higher loading 

(Fig. 2.4a and 2.4b).  Critical differences were observed when Mg(OH)2 was in-situ 

generated from Mg(OEt)2 in PP (Fig. 2.4c and 2.4d).  The formed particles were basically  
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nano-sized with the dimensions of 50-100 and 250-300 nm for 5.0 and 20 wt%, respectively.  

Moreover, the dispersion of nanoparticles was quite uniform irrespective of the filler loading.  

Such uniform dispersion of hydrophilic nanoparticles in hydrophobic matrices was never 

seen and quite unexpected especially at a high filler loading like 20 wt%.  Notably, it was 

achieved for PP, as the most important but most challenging thermoplastic, without using 

any dispersants.  To rationalize the obtained results, the following mechanism was proposed: 

First, dissolved Mg(OEt)2 molecules diffuse in the porosity of the reactor powder in 

impregnation, and gradually precipitate as a crystalline material during drying, where the 

crystalline growth and/or secondary agglomeration of Mg(OEt)2 was confined in the porosity.  

Second, the Mg(OEt)2 particles present in the porosity absorb water molecules during pre-

treatment to become hydrolysed, whose size is also restricted by the porosity.  In the melt-

processing, the hydrolyzed Mg(OEt)2 is fully converted into Mg(OH)2.  The size and 

dispersion of formed Mg(OH)2 particles retain those of Mg(OEt)2 uniformly impregnated in 

the porosity, where not only facile conversion but also the viscosity of molten polymer are 

believed to prevent the growth and agglomeration of the nanoparticles. 
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Figure 2.4.  TEM micrographs: a,b) PP/Mg(OH)2-NP and c,d) in-situ PP/Mg(OH)2 

nanocomposites at 5.0 and 20 wt%, respectively. 

 

 

 

 

Chapter 2 



72 
 

Chapter 2 

 

2.3.5. Crystallization behavior 

     DSC results for neat PP, in-situ PP/Mg(OH)2 and PP/Mg(OH)2-NP nanocomposites are 

shown in Fig. 2.5.  The crystallinity of PP was enhanced at 1.0 and 3.0 wt% for both of the 

in-situ PP/Mg(OH)2 and PP/Mg(OH)2-NP nanocomposites.  But as the amount of filler 

increased the two types of nanocomposites showed the opposite trends.  In the case of in-situ 

PP/Mg(OH)2 nanocomposites, the crystallinity increased monotonically along the filler 

content.  This may be attributed to heterogeneous nucleation effect of Mg(OH)2 [38].  But in 

the case of PP/Mg(OH)2-NP nanocomposites, the crystallinity rather decreased above 3 wt%.  

The larger aggregates might weaken the nucleation effect of Mg(OH)2 [39]. 

 

 

 

 

 

 

 

 

 

Figure 2.5.  Crystallinity for (  ) neat PP, (  ) in-situ PP/Mg(OH)2 and (   ) PP/Mg(OH)2-NP 

nanocomposites.  
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The results of half-time of crystallization (t ½ 
-1) at different filler loadings is shown in Fig. 

2.6.  The isothermal crystallization showed a significantly faster rate of crystallization for 

PP/Mg(OH)2 composites as compared to neat PP.  For instance, the crystallization increased 

by ca. five folds at the filler loading of 5 wt%.  But as the concentration increased from 5 

wt%, the change in t ½ 
-1 is not so significant, suggesting that at 5 wt%, the composite is 

saturated with enough nucleation sites.   

   

 

 

 

 

 

 

 

Figure 2.6.  Isothermal crystallization kinetics for neat PP and PP/Mg(OH)2 nanocomposites 

at different filler loading 
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2.3.6. Mechanical Properties 

     A uniaxial test was performed to evaluate the mechanical properties of the prepared 

Mg(OH)2 nanocomposites.  The tensile strength and young’s modulus are plotted against the 

filler loading in Fig. 2.7 and Fig. 2.8.  It is well known that the mechanical properties of the 

nanocomposites are mainly influenced by the stiffness, the dispersion of nanoparticles and 

the adhesion between the matrix and the nanoparticles.  It can be seen that the in-situ samples 

exhibited better mechanical properties than those of the samples prepared by direct melt-

mixing of pre-formed nanoparticles.  Both the tensile strength and young’s modulus followed 

the similar trend.  

 

 

 

 

 

 

 

 

 

Figure 2.7.  Tensile strength for neat PP and PP/Mg(OH)2 nanocomposites.  

 

23

25

27

29

0 5 10 15 20

T
e

n
s

il
e

 s
tr

e
n

g
th

 (
M

P
a

) 
 

Mg(OH)2 loading (wt%) 

   Neat PP 

   NP 

     in-situ 



75 
 

 

 

   

 

 

 

 

 

 

Figure 2.8.  Young’s modulus for neat PP and PP/Mg(OH)2 nanocomposites.  

 

2.3.7. Dielectric Characeristics 

     Fig. 2.9 represents the variation of the dielectric constant along the frequency for neat PP 

and in-situ PP/Mg(OH)2 nanocomposites at different filler loadings.  Neat PP exhibited the 

dielectric constant of 2.3 and the value of dielectric constant remained constant in the whole 

frequency range.  This is attributed to the non-polar nature of PP, as a result of which there is 

almost no dielectric relaxation. 
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Figure 2.9.  Frequency dependence of the dielectric constant for neat PP and in-situ 

PP/Mg(OH)2 nanocomposites. 

 

     In case of nanocomposites, since Mg(OH)2 possesses a relatively high dielectric 

permittivity, its inclusion in PP resulted in an increment of the dielectric constant of the 

resultant PP/Mg(OH)2 nanocomposites along the filler loading.  Moreover, a frequency 

dependent behavior was observed in the nanocomposites due to the existence of interfacial 

polarization [29].  At high frequencies, dipolar groups are not capable of following the field 

variation, thus decreasing the dielectric constant [30]. 
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Figure 2.10.  Dielectric constant (at 105 Hz) of Neat PP and in-situ PP/Mg(OH)2 

nanocomposites plotted against the filler loading. 

 

2.3.8. Thermoanalytical investigations 

     In order to study the thermal oxidation behaviour of the prepared PP/Mg(OH)2 

nanocomposites, TGA was performed under air.  As can be seen in Fig. 2.11, in-situ 

PP/Mg(OH)2 increased the thermal oxidation resistance in a more efficient manner compared 

with PP/Mg(OH)2-NP.  Representatively, T50% (temperature at which 50 % weight loss  
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occurred) was 404°C for in-situ PP/Mg(OH)2 compared with 393°C for PP/Mg(OH)2-NP at 

30 wt%. This revealed that the thermal stability of in-situ PP/Mg(OH)2 was higher than that 

of PP/Mg(OH)2-NP, indicating that in-situ generation of Mg(OH)2 nanoparticles is more 

effective in increasing the thermal stabiliy of PP. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11.  T50% for (  ) neat PP, (  ) in-situ PP/Mg(OH)2 and (  ) PP/Mg(OH)2-NP 

nanocomposites.  
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2.3.9. Flame retardant behavior 

     Mg(OH)2 is the most widely used non-halogenated flame retardant.  Flammability of the 

nanocomposites was examined by the LOI tests.  The results are plotted in Fig. 2.12 along 

the filler loading for in-situ PP/Mg(OH)2 and PP/Mg(OH)2-NP.  The flame retardation of 

polyolefin usually requires the Mg(OH)2 loading as high as 60 wt% [16-18].  The LOI value 

of PP/Mg(OH)2-NP samples was hardly improved even when 20 wt% of pre-formed 

Mg(OH)2 nanoparticles was added (only 18.5 compared with 18.0 for neat PP).  However, 

the in-situ PP/Mg(OH)2 samples exhibited a totally different behaviour: The LOI value 

increased almost linearly even at low loadings, and reached to 26.5 at 30 wt%. The 

dispersion of nanoparticles in the polymer matrices has a significant effect on their 

flammability properties [19].  Such superior flame retardancy for in-situ PP/Mg(OH)2 was 

attributed to extremely nice dispersion of the in-situ generated nanoparticles.  Well-dispersed 

Mg(OH)2 nanoparticles exert barrier effects and help in the formation of more compact and 

cohesive charred layer during combustion.  This protective layer insulates the matrix from 

heat flux and prevents the combustion. 
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Figure 2.12.  LOI of (  ) neat PP, (  ) in-situ PP/Mg(OH)2 and (  ) PP/Mg(OH)2-NP 

nanocomposites.  

 

2.4. Conclusions 

 
     A novel reactor granule strategy has been presented for the fabrication of highly filled 

nanocomposites without the use of any dispersants.  It involved impregnation of metal 

alkoxides in the porosity of polymer reactor powder and subsequent conversion into well-

dispersed nanoparticles in melt processing.  A successful demonstration was given for 

PP/Mg(OH)2 nanocomposites with extremely nice dispersion of Mg(OH)2 at a high filler 

loading and superior flame retardancy, thereby.  So far, poor dispersion and negative  
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influences of additives have severely hampered the development of polyolefin-based 

nanocomposites.  This is one of rare examples that successfully exploits a great potential of 

polyolefin-based nanocomposites in the simplest and versatile process, which could be easily 

extended to similar nanocomposite materials. 
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Abstract 

Polypropylene (PP)/TiO2 and PP/Al2O3 nanocomposites were fabricated based on a new 

technology that involves the impregnation of metal alkoxide precursors in the porosity of PP 

reactor granule and subsequent conversion of the precursors into oxides during melt mixing.  

The so-called reactor granule technology enabled in-situ generation of highly dispersed oxide 

nanoparticles over a wide range of the loading extending up to 20 wt% without the use of 

dispersants.  The confinement of metal alkoxide precursors in the porosity of the PP reactor 

granule and their facile chemical conversion into oxides were found to be crucial for the 

dispersion of the nanoparticles.  The excellent dispersion of Al2O3 nanoparticles led to 

significant improvements in tensile properties, dielectric constants, and thermal conductivity 

as compared to conventional nanocomposites using a compatibilizer.  It was concluded that 

the reactor granule technology is a simple and versatile way for the fabrication of polyolefin-

based nanocomposites with superior functionalities.  

 

 

 

 

Keywords: polymer-matrix composites (PMCs), nano composites, oxides, thermal 

properties, reactor granule 
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3.1. Introduction 

     Since the discovery of a nylon-6/clay system, polymer nanocomposites have been 

regarded as a promising approach to modify properties of base polymer [1].  Numerous 

efforts in these decades covered almost all the combinations of polymer matrices and nano-

sized fillers, among which polyolefin nanocomposites have maintained continuous attention 

due to its industrial significance.  The history of polyolefin nanocomposites has evolved to 

overcome poor interaction of inert polyolefin with nanofillers [2].  Various strategies have 

been proposed for this system so as to improve the dispersion of fillers and interfacial 

bonding between the matrix and fillers.  The most widely employed strategy is the addition 

of maleic anhydride-grafted polyolefin as a compatibilizer often combined with organic 

modification of filler surfaces [3-5].  Their use offers good dispersion in a relatively 

economical way, but concomitant drawbacks make the resultant nanocomposites less 

attractive: The compatibilizer and surface modifier form a soft interfacial layer between the 

matrix and fillers [6], which hampers the hardness of the fillers and limits the reinforcement.  

It is also known that maleic anhydride-grafted polyolefin accelerates oxidative degradation 

of the matrix [7].  An alternative strategy is to graft polymer chains onto filler surfaces [8].  

Grafted chains not only work as a compatibilizer but also strengthen the interfacial bonding 

through entanglement, inter-diffusion and co-crystallization mechanisms [9,10].  The biggest 

drawback of this strategy is at elaborate synthesis of polymer-grafted nanofillers, which is 

crucial for polyolefin as the most economical plastic.  The last but not least is an in-situ 

strategy, in which olefin polymerization is conducted in the presence of nanofillers that bear  
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a catalytic ability [11,12].  The growth of polymer chains mechanically forces the separation 

and exfoliation of fillers, leading to good dispersion even without a dispersant.  Recently, 

Yoon and coworkers have reported in-situ fabrication of polyethylene-based nanocomposites 

using flake-like MoS2 or granulated graphene bearing with Ziegler-Natta catalytic 

components [13,14]. They reported a great reinforcement of polyethylene owing to the 

successfully dispersed two-dimensional fillers.  However, the correspondence between the 

polymerization yield and the filler loading in the in-situ formed matrix necessitates the 

operation of a catalyst at a yield level of 102-103 gram polymer per gram catalyst, which is 

unacceptably poor compared with an industrial level (105-106).  So far, none of the proposed 

strategies have offered versatile solution for the cost performance problem in polyolefin 

nanocomposites.  

     Recently, a concept of pore confinement has been explored in the field of nanocatalysts, 

where catalyst nanoparticles are synthesized inside nano-sized pores of support materials 

such as metal-organic frameworks [15,16].  The spatial confinement of the formed 

nanoparticles in the porous scaffolds restricts their excessive growth, and prevents their 

sintering in catalysis even without capping agents.  A similar concept would be also 

appealing for the preparation of polyolefin nanocomposites.  State-of-the-art solid catalysts 

for olefin polymerization such as Ziegler-Natta, Phillips, and supported metallocene catalysts  

comprise of multi-grained particles, which are crucial for kinetic and morphological control 

of polymerization.  Through fragmentation and replication mechanisms, each multi-grained  
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particle of a catalyst is converted into a polymer granule with a porous architecture, so-called 

reactor granule [17].  The reactor granule is immediately melt-processed into pellets for 

shipping, and thus the porous architecture is not normally utilized except in reactor blending 

for the production of rubber-toughened polypropylene (PP) [18,19]. 

     Our research group has successfully applied the pore confinement concept for the in-situ 

fabrication of polyolefin nanocomposites.  A molecular precursor of fillers is impregnated in 

the porosity of reactor granule and subsequently converted into dispersed nanoparticles in 

melt processing.  The new reactor granule technology was firstly exemplified for the 

preparation of PP nanocomposites with titanium dioxide (TiO2) [20].  The in-situ fabrication 

of TiO2 nanoparticles from impregnated titanium alkoxide and their extremely nice 

dispersion (at 3 wt%) proved the advantage of the new technology.  The prepared PP/TiO2 

nanocomposite films exhibited UV shielding properties without sacrificing visible-light 

transparency, in contrast to the usual turbidity caused by imperfect dispersion of 

nanoparticles.  Following this success, the reactor granule technology was applied to prepare 

flame retardant PP/magnesium hydroxide (Mg(OH)2) nanocomposites in the last chapter [21].  

We found that hydrolysis of impregnated magnesium alkoxide prior to melt mixing enables 

good dispersion of Mg(OH)2 nanoparticles even at a high filler loading over 10 wt%.  The 

prepared nanocomposites achieved a self-extinguishing level in flame retardation at 20-30 

wt%, in comparison to 60 wt% for conventional PP/Mg(OH)2 composites.  These results 

revealed that the reactor granule technology not only offers uniform dispersion of  
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nanoparticles in a dispersant-free manner, but also allows an access for the fabrication of 

highly filled nanocomposites suitable for some specific applications such as dielectric 

properties and thermal conductivity [22-24].  

     My next aim is to generalize the reactor granule technology to various kinds of highly 

filled PP nanocomposites.  Specifically, highly filled PP/TiO2 and PP/alumina (Al2O3) 

nanocomposites were studied in this chapter of the thesis.  TiO2 and Al2O3 were chosen 

because they are one of the most widely used and cost-effective fillers. Synthetic aspects of 

highly filled PP/TiO2 and PP/Al2O3 nanocomposites were studied with the aid of various 

characterization methods.  Then, application-oriented properties such as tensile properties, 

dielectric properties and thermal conductivity were further investigated for PP/Al2O3 

nanocomposites. 
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3.2. Experimental 

3.2.1. Materials  

     PP reactor granule (Mw = 2.6 x 105, Mw/Mn = 5.69 and mmmm = 98 mol%) was 

synthesized by propylene polymerization using a Mg(OEt)2-based Ziegler-Natta catalyst.  

The median size (D50) and pore volume of the granule were determined as 480 μm and 0.56 

mL/g based on laser scattering in ethanol (HORIBA partica, LA-950V2) and mercury 

porosimetry (Shimazu, Autopore IV 9505), respectively.  Titanium isopropoxide (Ti(OiPr)4) 

and aluminium isopropoxide (Al(OiPr)3) were supplied by Sigma-Aldrich and used as 

precursors.  Preformed nanoparticles of TiO2 (NT-500B, Tayca, diameter = 35 nm) and 

Al2O3 (Alu C, Nippon Aerosil, diameter = 15 nm) were used to prepare reference 

nanocomposites.  PP grafted with maleic anhydride (PP-g-MA, MFI = 10.1 g/min, MA 

content = 1 wt%) was purchased from Chemtura as a compatibilizer.  n-Octdecyl-3-(3’,5’-di-

t-butyl-4’-hydroxyphenyl)-propionate (AO-50) and bis(1,2,2,6,6-pentamethyl-4-piperidyl) 

sebacate (LA-77) were donated by ADEKA.  They were used as an anti-oxidant stabilizer 

and catalyst for the sol-gel reaction, respectively. 

 

3.2.2. Fabrication of Polymer Nanocomposites 

     PP/TiO2 and PP/Al2O3 nanocomposites were prepared as follows: 40 g of the PP reactor 

granule was impregnated with a specific amount of Ti(OiPr)4 dissolved in 60 mL of heptane 

or Al(OiPr)3 dissolved in 80 mL of toluene at 50 °C under N2 for 12 h.  The amount of the  
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precursors was determined so as to obtain 3.0, 5.0, 10 and 20 wt% loading of oxides in 

resultant nanocomposites under the assumption of full conversion of metal alkoxides to 

oxides. 

     After the impregnation and solvent removal in vacuo, the granule was either directly melt-

mixed or melt-mixed after a pre-treatment process to expose the impregnated granule to 

water vapor at 80 °C and 100% RH for 24 h in an oven.  In some of experiments, HCl or 

NH3 aqueous vapor was employed instead of water vapor for the pre-treatment.  The melt 

mixing was carried out using an internal mixer (Toyo Seiki, LaboPlastomill) at 180 °C and 

100 rpm for 20 min.  Thus, prepared samples were termed as “in-situ PP/TiO2 or PP/Al2O3” 

nanocomposites.  

     Reference samples were also prepared by mixing preformed nanoparticles with the reactor 

granule in the absence or presence of 5.0 wt% of PP-g-MA.  They were termed as 

“PP/Al2O3-NP” and “PP/PP-g-MA/Al2O3-NP” nanocomposites in the case of Al2O3, and vice 

versa.  

     Nanocomposite samples were hot-pressed into films with a thickness of 200 µm.  The hot 

pressing was performed at 230 °C and 10 MPa for 10 min, followed by quenching at 100 °C 

for 5 min and subsequently at 0 °C for 5 min. 
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3.2.3. Characterization 

     To investigate the role of the porosity of PP reactor granule in the impregnation of metal 

alkoxides, the cross-sectional morphology of the granule was observed using scanning 

electron microscopy (SEM, Hitachi S-4100) at an accelerating voltage of 20 kV.  The reactor 

granule was cut into two halves using a razor blade.  The impregnated granule was pre-

treated by water vapor prior to the SEM measurements.  The pre-treatment aimed at the 

solidification of metal alkoxides and the suppression of their vaporization loss in the SEM 

vacuum chamber.  The cut granule was coated with Pt before the measurements.  The 

immobilization of the precursors in the porosity was also confirmed by an electron probe 

micro analyzer (EPMA, JEOL JXA-8900 L) equipped with a wavelength dispersive X-ray 

spectrometer.  The in-situ formation of oxides was confirmed by transmission IR spectra 

(JASCO, FT/IR 6100) for sample films.  The spectra were acquired over the range of 400-

4000 cm–1 with a resolution of 4 cm–1 and 24 scans.  The loading of in-situ formed oxides 

was determined based on thermogravimetric analysis (TGA, Seiko, TGA/DTA-6200).  

Sample films were heated in air up to 600 ºC at 10 ºC/min and the loading was regarded as 

the residual inorganic content at 600 ºC.  The dispersion of nanoparticles in the PP matrix 

was evaluated by transmission electron microscopy (TEM, Hitachi H-7100) with an 

accelerating voltage of 100 kV.  The TEM specimens with a thickness of 100 nm were 

prepared by an ultramicrotome (ULTRACUT FCS, Leica) equipped with a diamond knife. 

Tensile properties of nanocomposites were acquired using a tensile tester (Abecks Inc., Abe 

Dat-100) at a crosshead speed of 1.0 mm/min.  Sample films were die-cut into dumbbell- 
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shaped specimens with the overall length of 23 mm and the gage length of 5 mm.  Tensile 

properties such as tensile strength and Young’s modulus were determined as an average 

value of 10 measurements.  The crystalline structure of the nanocomposites was evaluated by 

wide-angle X-ray diffraction (WAXD, Rigaku, Smartlab).  The measurements were 

performed at room temperature using CuKα radiation (40 kV, 30 mA) at the step of 0.01 in 

the 2Ɵ range of 10 to 30 and the scanning speed of 0.5 /min.  Dielectric properties of 

nanocomposites were measured using a LCR meter (Agilent, Precision LCR meter E 4980A) 

in the frequency range of 102-107 Hz at room temperature.  A disc-shaped specimen with a 

diameter of 2.5 cm was coated with gold to create thin conductive layers for a parallel plate 

capacitor.  The thermal diffusivity (α) of nanocomposites was measured using a temperature 

wave analyzer (ai-Phase mobile 1u/2, Hitachi High-Tech Science) equipped with a sensor of 

0.5 x 0.2 mm in size.  The sample was sandwiched between the heater and the sensor plates, 

and the distance between the two plates was adjusted to create a firm contact with both 

surfaces of the sample.  The applied voltage was set to 1.4 V and the delay in phase of the 

temperature wave was measured at eight frequency points within a range of 0.2-2 Hz. The 

thermal conductivity (λ) was derived from 

λ = α Cp ρ  

where Cp is the specific heat capacity and ρ is the density of a sample.  The specific heat 

capacity at room temperature was determined by differential scanning calorimeter (DSC, 

Mettler Toledo DSC-822).  The temperature was swept in the range of 0-50 ºC at 20 ºC/min 

under nitrogen flow of 200 mL/min. 
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3.3. Results and Discussion 

3.3.1. SEM and EPMA analysis 

     In our previous study, it was proposed that the step of pore filling is one of the key factor 

for the in-situ fabrication of highly dispersed nanoparticles without the use of any dispersants.  

Since the above developed pre-hydrolytic treatment enables to solidify the metal alkoxide in 

the porosity, it has become possible to directly observe this pore filling by electron 

microscopy.  Fig. 3.1 summarizes cross-sectional SEM images for PP reactor granule before 

and after the impregnation of titanium and aluminum alkoxides.  In heterogeneous olefin 

polymerization, the pore structure of reactor granule generally reflects the inner structure of 

catalyst particles.  When the reactor granule is generated from a Mg(OEt)2-based Ziegler-

Natta catalyst, macropores tend to concentrate in an outer shell near the outermost surfaces 

[25].  In Fig. 3.1a and 3.1b, the majority of macropores were found within 100 μm from the 

outermost surface. The impregnation of titanium and aluminum alkoxides (at 10 wt% loading 

for each oxide) and their treatment with water vapor immobilized the alkoxides in the 

porosity.  Figs. 3.1c, 3.1d, 3.1e and 3.1f clearly represent that the macropores were filled by 

inorganic components (distinguished as brighter areas). 
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Figure 3.1.  Cross-sectional SEM images of PP reactor granule: (a,b) Neat, and impregnated 

with (c,d) Ti(OiPr)4 and (e,f) Al(OiPr)3.  The amount of the alkoxides was adjusted to satisfy 

10 wt% of the corresponding oxides.  All the samples were hydrolytically pre-treated before 

the measurements. 

     Further, EPMA technique was additionally employed to examine the pore filling.  Fig. 3.2 

summarizes the results of EPMA for two different particles of reactor granule that was 

impregnated with Ti(OiPr)4 at the filler loading of 10 wt% and thereafter pre-treated with 

water vapor at 80 C and 100% RH for 24 h.  Figs. 3.2a and 3.2b show the distribution of 

back scattered electrons, which represent the morphology of the sample while the 

characteristic X-ray maps specify the spatial distribution of each element (Figs. 3.2c, 3.2d, 

3.2e and 3.2f).  From the Ti distribution, it was clarified that the titanium alkoxide was 

mainly located in the macropores near the outermost surfaces with less concentration at the 

core of the granule.  The distribution was not completely uniform but was considered 

sufficient for the dispersion of in-situ formed nanoparticles.   
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Figure 3.2.  EPMA images for two different cross-sectioned reactor granule: (a,b) back-

scattered electron images and (c,d) the distribution of carbon atoms and (e,f) titanium atoms. 

The amount of the alkoxides was adjusted to satisfy 10 wt% of the corresponding oxides.  

All the samples were hydrolytically pre-treated before the measurements. 

 

3.3.2. Chemical conversion 

     After the preparation of nanocomposites, the chemical conversion of the precursors was 

investigated with transmission IR spectra for 50 µm-thick films (Fig. 3.3).  In Fig. 3.3b, the 

IR spectrum of an in-situ PP/TiO2 nanocomposite sample that was melt-mixed immediately 

after the impregnation shows absorption bands at around 600-700 cm–1 and 1000-1150 cm–1 

in addition to the bands for PP.  They were respectively assigned to Ti-O-Ti and Ti-O-C 

groups indicating not only the formation of TiO2 in PP but also the incomplete consumption 

of Ti(OiPr)4 [20,26].  In order to enhance the conversion, an additional pre-treatment process 

was employed, in which impregnated PP reactor granule was treated in a glass reactor with 

water vapor at 80 °C and 100% RH for 24 h in an oven.  It was found that the band 

corresponding to the Ti-O-C group disappeared from the spectrum (Fig. 3.3c).  It was clear 

that the pre-treatment process was essential for enhancing the conversion of Ti(OiPr)4 into 

TiO2.  Thereafter, all the in-situ PP/TiO2 samples were prepared by employing the additional 

pre-treatment process. 
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Figure 3.3.  Transmission IR spectra of (a) neat PP, and in-situ PP/TiO2 nanocomposites 

prepared (b) without pre-treatment, and (c) with pre-treatment under 80 C and 100% RH for 

24 h. Nanocomposites with the theoretical filler loading of 10 wt% were used. 

      

     Fig. 3.4a shows the transmission IR spectrum of an in-situ PP/Al2O3 nanocomposite 

sample prepared without any pre-treatment process.  A new broad peak at around 600 cm–1 

corresponding to the vibration of Al-O-Al bonds was observed to confirm the formation of 

Al2O3 [27].  However, absorption bands at 1070 cm–1 and 1560 cm–1, which are respectively 

assigned to Al-O-C and Al-OH groups, were also present [28,29].  The presence of unreacted  
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precursors as well as Al(OH)3 intermediate in the nanocomposite sample suggested 

incomplete  hydrolysis and condensation. 

  

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.4.  Transmission IR spectra of (a) neat PP, (b) PP/Al2O3-NP and in-situ PP/Al2O3 

nanocomposites prepared (c) without pre-treatment, and (d) with pre-treatment under 80 C 

and 100% RH for 24 h.  Nanocomposites with the theoretical filler loading of 5.0 wt% were 

used. 
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     When the pre-treatment process similar to the PP/TiO2 nanocomposites was employed, it 

was found that the band corresponding to the Al-O-C group disappeared from the spectrum 

but the band originated from Al-OH groups still remained in the sample (Fig. 3.5a).   

 

 

 

 

 

 

 

 

 

 

Figure 3.5.  Transmission IR spectra of in-situ PP/Al2O3 nanocomposites prepared (a) with 

pre-treatment under 80 C and 100% RH for 24 h.  The atmosphere of the pre-treatment was 

replaced by (b) HCl vapor and (c) NH3 vapor.  Nanocomposites with the theoretical filler 

loading of 5.0 wt% were used. 

     To further enhance the conversion of Al(OH)3 to Al2O3, two different pre-treatment 

processes, one involving HCl and the other involving NH3 aqueous vapor instead of water 

vapor, were employed.  Both of the pre-treatment processes resulted in the reduction of the  

(b) 

(a) 

(c) 
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Al-OH peak (Figs. 3.5b and 3.5c), but only the pre-treatment with acid achieved almost full 

conversion to Al2O3.  Since the harsh acid treatment can lead to the degradation of the matrix 

polymer, the nanocomposites were prepared by employing the pre-treatment process 

involving neutral water vapor for further analysis.  

 

3.3.3. Inorganic content  

     For verifying the actual inorganic content in the prepared nanocomposites, the weight 

fraction of the formed oxides was evaluated using TGA.  At 600 °C under air, all organic 

contents present in the nanocomposites are burned out and the remaining ash is considered to 

represent the inorganic content.  Table 3.1 summarizes the inorganic content for all the 

prepared in-situ PP/TiO2 and PP/Al2O3 nanocomposites.  In accordance with the previous 

chapter, I found the actual inorganic content obtained from TGA was similar to the value 

expected from the theoretical content at the filler loading of 3.0 wt%.  On the other hand, the 

actual inorganic content was found to be lower than the theoretical content at 5.0 wt%, which 

was attributed to the vaporization loss of the precursors before its complete immobilization 

in the matrix.  When the pre-treatment process was employed, the vaporization loss was 

suppressed and the inorganic content became much closer to the corresponding theoretical 

content.  This fact along with the IR results suggested that the pre-treatment process is 

essential at high filler loading.  It not only accelerates the chemical conversion of the  
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precursors into solid oxides (or at least hydroxides) by promoting the hydrolysis, but also 

aids in the retention of the precursors in the matrix.  

 

Table 3.1.  TGA results for in-situ nanocomposites    

Sample Theoretical content
a
 

(wt%) 

Actual content
b
 

(wt%) 

PP/TiO2 (no pre-treatment) 3.0 2.9 

 5.0 3.9 

PP/TiO2 (pre-treatment) 5.0 4.8 

 10 9.4 

 20 18.9 

PP/Al2O3 (no pre-treatment) 3.0 2.9 

 5.0 4.1 

PP/Al2O3 (pre-treatment) 5.0 4.9 

 10 9.6 

 20 18.8 

 

a Theoretical contents were estimated based on the assumption of the full conversion to 

oxides. 

b Measured by TGA. 
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3.3.4. Spatial distribution of nanoparticles 

     Since the overall performance of the nanocomposites relies on the dispersion state of the 

nanoparticles inside the matrix, TEM was employed to observe the spatial distribution of the 

formed nanoparticles inside PP.  Figs. 3.6 and 3.7 show representative micrographs for all 

kinds of nanocomposites at different filler loading. As was expected, the direct melt-mixing 

of pre-formed nanoparticles with PP resulted in the formation of micron-sized aggregates due 

to poor compatibility (Figs. 3.6a and 3.7a).  The introduction of PP-g-MA as a 

compatibilizer improved the dispersion at the filler loading of 5.0 wt% (Fig. 3.6b), but with 

the increase of the filler loading, the dispersion began to deteriorate as can be seen from the 

presence of a large number of agglomerates.  This indicated the inability of PP-g-MA to 

attain good dispersion at high filler loading (Fig. 3.6c).  

     A totally different situation was observed when the nanoparticles were generated in-situ.  

The in-situ nanocomposites that were prepared without the pre-treatment showed uniform 

dispersion of nanoparticles with the particle size below 10 nm, at the filler loading of 3.0 

wt% (Fig. 3.6b and Fig. 3.7d).  When the filler loading was increased to 5.0 wt%, the 

nanocomposites showed massive agglomeration of nanoparticles, leading to the formation of 

gel-like network (Fig. 3.6c and Fig. 3.7e).  From the IR and TGA results, we hypothesized 

that at elevated filler loading, the extent of solidification of a precursor in the porosity is not 

sufficient and the remaining unsolidified precursors undergo migration and phase separation, 

resulting in the formation of agglomerates.  It was found that when the nanocomposites were  

Chapter 3 



105 
 

 

prepared with the pre-treatment process, the gel-like network disappeared and the particles 

were well dispersed at least up to the filler loading of 20 wt% (Figs. 3.6d, 3.6e and 3.6f and 

Figs. 3.7f, 3.7g and 3.7h).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6.  TEM micrographs of PP/TiO2 nanocomposites: (a) NP (5.0 wt%), (b,c) in-situ 

without pre-treatment (3.0 and 5.0 wt%), and (d-f) in-situ with pre-treatment under 80 C and 

100% RH for 24 h (5.0, 10, and 20 wt%). 
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Figure 3.7.  TEM micrographs of PP/Al2O3 nanocomposites: (a) NP (5.0 wt%), (b,c) PP-g-

MA/NP (5.0 and 10 wt%), (d,e) in-situ without pre-treatment (3.0 and 5.0 wt%), and (f-h) in-

situ with pre-treatment under 80 C and 100% RH for 24 h (5.0, 10, and 20 wt%).   
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     It was believed that during the pre-treatment process, the water vapor aids the hydrolysis 

of precursors, as a result of which the precursors get solidified and are retained in the 

porosity.  The particle size distribution of the in-situ generated nanoparticles was derived 

from the TEM images by processing more than 200 particles with the aid of ImageJ software.  

Thus obtained median size (D50) was found to be 53.4, 77.6 and 125.3 nm for in-situ PP/TiO2 

nanocomposites at the filler loading of 5.0, 10 and 20 wt%, respectively, and 48.3, 72.0 and 

120.5 nm for in-situ PP/Al2O3 nanocomposites at the filler loading of 5.0, 10 and 20 wt%, 

respectively.  Even though the increase of the filler loading and the pre-treatment process 

resulted in larger particle size, the formed nanoparticles were basically nano-sized and highly 

dispersed, which were attributed to the impregnation and confinement of the precursors in 

the porosity of the reactor granule.  

     We have demonstrated the synthetic aspects of highly filled PP/TiO2 and PP/Al2O3 

nanocomposites. Firstly, the examination of the impregnated reactor granule (pre-treated) 

using SEM and EPMA analysis proved that the porosity plays an important role in effective 

confinement and pre-dispersion of the molecular precursors.  Secondly, a critical role of the 

pre-treatment was identified for the successful fabrication of highly filled nanocomposites.  

The pre-treatment process plays the following roles: i) Promotes hydrolysis of metal 

alkoxides, and ii) aids the solidification of the precursors in the matrix, thereby offering 

excellent dispersion of nanoparticles even at high filler loading without the use of any 

dispersants.  Hereafter, the advantages of the reactor granule technology were examined in 

terms of application-oriented properties, for which PP/Al2O3 nanocomposites were selected.  
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3.3.5. Crystalline structure 

     The WAXD patterns of neat PP and in-situ PP/Al2O3 nanocomposites at different filler 

loading are shown in Fig. 3.8.   

 

 

 

 

 

 

 

 

Figure 3.8.  WAXD patterns of neat PP and in-situ PP/Al2O3 nanocomposites at different 

filler loading. 

Neat PP displayed the peaks at 2Ɵ = 13.7, 16.3, 18.2, 20.4, 21.2, 25.0, and 27.8°, 

respectively corresponding to (110), (040), (130), (111), (041), (060) and (220) planes of the 

α-form crystal of PP [30].  The WAXD patterns of all the PP/Al2O3 nanocomposites 

exhibited the same α-form characteristics similar to neat PP with the complete absence of the 

β-form.  The crystallinity of the nanocomposites was calculated [31] as 48.6, 52.5, and 

52.2% at the filler loading of 5.0, 10, and 20 wt% in contrast to 47.0% for neat PP.  Thus, the 

inclusion of slightly Al2O3 promoted the crystallization of PP. 
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3.3.6. Mechanical properties 

     To evaluate the mechanical properties of the prepared PP/Al2O3 nanocomposites, the 

uniaxial test was carried out.  Figs. 3.9a and 3.9b represent stress-strain curves of the 

samples at 5.0 and 20 wt% of the filler loading, respectively.  The plots of tensile strength 

and Young’s modulus with the filler loading are shown in Fig. 3.10 and Fig. 3.11. 

 

 

 

 

 

 

 

 

Figure 3.9.  Tensile stress-strain curves for three types of PP/Al2O3 nanocomposites at the 

filler loading of (a) 5.0 and (b) 20 wt%.  
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Figure 3.10.  Tensile strength for three types of PP/Al2O3 nanocomposites.  

 

 

 

 

 

 

 

 

 

Figure 3.11.  Tensile strength for three types of PP/Al2O3 nanocomposites.  
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At 5.0 wt%, all the types of nanocomposites exhibited almost a similar extent of 

reinforcement over neat PP. However, by increasing the filler loading, the extent of the 

reinforcement was largely dependent on the type of nanocomposites.  It is well known that 

particle agglomeration tends to reduce the strength of a material, as agglomerates act as a 

stress concentrator [32]. PP/Al2O3-NP samples showed the maximum reinforcement at the 

filler loading of 5.0 wt% and further addition deteriorated the tensile strength, due to 

excessive agglomeration.  The nanocomposites prepared using PP-g-MA as a compatibilizer 

also showed a similar tendency but the decrement in values became moderate compared with 

PP/Al2O3-NP.  This could be understood by the fact that the addition of PP-g-MA improved 

the dispersion but not sufficiently at high filler loading.  In contrast, the in-situ 

nanocomposites displayed a monotonous increment in the tensile strength owing to the 

similarly good dispersion for the entire filler loading.  The Young’s modulus followed 

similar tendencies, except the fact that the deterioration at higher loading was less 

pronounced than that for the tensile strength. 

 

3.3.7. Dielectric characteristics 

     Fig. 3.12 represents the variation of the dielectric constant versus frequency for neat PP 

and in-situ PP/Al2O3 nanocomposites at different filler loading. Neat PP exhibited the 

dielectric constant of 2.3.  The dielectric constant increased along the filler loading.  

PP/Al2O3 nanocomposites containing 18.8 wt% of Al2O3 attained a dielectric constant value 

of 3.57 at a frequency of 105 Hz.  PP as a non-polar polymer hardly exhibited dielectric  
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relaxation, as a result of which the dielectric constant remained practically invariant in the 

examined frequency range.  However, a frequency dependent behavior was observed in the 

nanocomposites due to the existence of interfacial polarization [33].  At high frequencies, 

dipolar groups are not capable of following the field variation, thus decreasing the dielectric 

constant [34].  The obtained experimental results were also compared with the theoretically 

calculated values and are reflected as a solid line in Fig. 3.13.  The theoretical values were 

obtained based on the simple rule of mixture model for a two component system: ɛc = Ф ɛf + 

(1 – Ф) ɛm, where ɛ and Ф are the dielectric constant and volume fraction, respectively.  The 

suffixes c, f and m represent the composite, filler and matrix, respectively [35].  The obtained 

experimental values well reproduced the theoretical model. 

 

 

 

 

 

 

 

 

Figure 3.12.  Frequency dependence of the dielectric constant for neat PP and in-situ 

PP/Al2O3 nanocomposites. 
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Figure 3.13.  Dielectric constant (at 105 Hz) plotted against the filler loading. A solid line 

represents a theoretical estimation based on the simple rule of mixture model for a two 

component system.  

 

3.3.8. Heat releasing property 

     Table 3.2 shows the densities, specific heat capacities and thermal diffusivities of 

different types of PP/Al2O3 nanocomposites, from which the thermal conductivities were 

determined.  Fig. 3.14 shows the thermal conductivities of the samples as a function of the 

filler loading.  It can be seen that the values of the density and the specific heat capacity were 

almost similar for all the types of nanocomposites.  So that, the main difference in the 

thermal conductivity was attributed to the variation in the thermal diffusivity. 
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Table 3.2.  Physical properties of PP/Al2O3 nanocomposites for thermal conductivity 

calculation 

Sample Loading 

(wt%) 

Density 

(g/cm
3
) 

Specific heat 

capacity
a 
(J/g K) 

Thermal diffusivity
b
 

(mm
2
/s) 

Neat PP 0 0.89 ± 0.02 1.82 ± 0.02 0.130 ± 0.007 

NP 5.0 1.02 ± 0.02 1.72 ± 0.02 0.135 ± 0.002 

 10 1.16 ± 0.04 1.71 ± 0.01 0.145 ± 0.004 

 20 1.48 ± 0.03 1.57 ± 0.02 0.153 ± 0.005 

PP-g-MA/NP 5.0 1.06 ± 0.02 1.72 ± 0.05 0.138 ± 0.002 

 10 1.17 ± 0.03 1.70 ± 0.01 0.148 ± 0.006 

 20 1.48 ± 0.02 1.58 ± 0.03 0.157 ± 0.004 

in-situ 5.0 1.04 ± 0.03 1.74 ± 0.03 0.145 ± 0.002 

 10 1.18 ± 0.01 1.70 ± 0.02 0.158 ± 0.005 

 20 1.50 ± 0.02 1.60 ± 0.01 0.170 ± 0.006 

a Measured by DSC. 

b Measured by a temperature wave analyzer. 

 

     The thermal conductivity of neat PP was found to be around 0.21 W/m K. With the 

incorporation of Al2O3 in the PP matrix, the thermal conductivity of all types of 

nanocomposites improved nearly proportionally to the loading, as anticipated from relatively 

higher thermal conductivity of Al2O3 as compared to PP.  At the filler loading of 5.0 wt%, 

the thermal conductivities of the three types of nanocomposites were nearly the same. 

Meanwhile, the difference in the values became significant upon increasing the filler loading. 

When compared at the filler loading of 20 wt%, in-situ PP/Al2O3 nanocomposites exhibited  
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the highest potential for improving the thermal conductivity of PP, reaching a value of 0.41 

W/m K, which is 95 % higher than that of neat PP.  

     The thermal conductivity is a measure of heat transfer through a material.  Specifically, in 

the present case of PP and its nanocomposites, the main energy carriers for heat conduction 

are phonons [36].  Their effective transport for achieving high thermal conductivity is 

believed to be dependent on the following factors: i) Particle organization – in the case of 

agglomerates, phonons are diffusively scattered, disrupting the heat flow in a uniform 

direction; ii) temperature gradient – temperature discontinuity created by locally high 

thermal conductivity of agglomerated particles causes non-uniform flow of heat; and iii) 

propagation pathway – as the phonons prefer to travel through the particle phase, the length 

of the polymer phase involved in phonon propagation becomes longer in the case of 

agglomerated particles [36,37].  These factors dictate the significance of the uniform 

dispersion of nanoparticles in a polymer matrix for the effective thermal conductivity of 

nanocomposites.  In this viewpoint, the obtained trend of the thermal conductivity for all the 

three types of nanocomposites could be well explained on the basis of the dispersion state of 

the nanoparticles in the polymer matrix.  The in-situ samples exhibited the highest thermal 

conductivity due to the uniform dispersion.  The lower conductivity of the other two types of 

samples originated from poor dispersion, especially at elevated loading.  

   Unless prohibitively expensive fillers (such as boron nitride) are employed, high loading of 

filler is generally required for achieving an appropriate level of dielectric properties and 

thermal conductivity.  But such high filler loading necessarily deteriorates the mechanical  
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properties of PP due to inevitable agglomeration.  It must be noted that the nanocomposites 

fabricated by the developed technology offered the uniform dispersion of nanoparticles even 

at high filler loading and superior functional properties without deteriorating the mechanical 

properties. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14.  Thermal conductivity of three types of PP/Al2O3 nanocomposites at different 

filler loading.  
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3.4. Conclusion 

     In this chapter, the versatility of a new reactor granule technology for the fabrication of 

highly filled PP/TiO2 and PP/Al2O3 nanocomposites was demonstrated.  It was found that the 

confinement of metal alkoxide precursors in the porosity of PP reactor granule and their 

facile conversion into oxides results in the uniform dispersion of nanoparticles.  Furthermore, 

a hydrolytic pre-treatment was a key for the solidification of precursors in the porosity and 

for achieving excellent dispersion of nanoparticles at high filler loading.  Compared to 

conventional nanocomposites, the reactor granule technology never deteriorated the 

mechanical properties of PP at high filler loading.  The dielectric constant of PP/Al2O3 

nanocomposites reached 3.57 at 20 wt% of the filler loading.  The thermal conductivity of 

PP/Al2O3 nanocomposites was mainly determined by the dispersion state and it was 

increased up to 0.41 W/m K at 20 wt%, i.e. almost double as that of neat PP.  In the end, the 

reactor granule technology is a versatile approach for the fabrication of polyolefin-based 

nanocomposites, offering excellent dispersion over a wide range of filler loading and 

superior properties even without the use of any dispersants.  
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Abstract 

Development of thermally conductive polyolefin nanocomposites based on utilization of a novel 

technology that involves impregnation of metal alkoxide precursors in the porosity of PP reactor 

granule and subsequent conversion of the precursors into oxides during melt mixing was focused.  

The so called reactor granule technology along with three additional strategies was applied for 

the fabrication of PP/Al2O3 nanocomposites.  The potency of the strategies was evaluated on the 

basis of thermal diffusivity and conductivity.  The first strategy aimed at the formation of filler-

rich and polymer-rich domains by mixing highly filled reactor granule with neat PP in order to 

cause localization of Al2O3 nanoparticles.  The resultant nanocomposites exhibited promising 

value of thermal conductivity.  Moreover, the impregnated reactor granule showed positive 

influence as a dispersant for pre-formed nanoparticles (second strategy).  These results suggest 

that impregnated reactor granule serve as suitable masterbatch for the fabrication of 

functionalized polyolefin grade.  The third strategy which involved utilization of silane coupling 

agent as interfacial modifier for in-situ generated Al2O3 nanoparticles gave the highest increment 

in thermal conductivity.  Thus, reactor granule technology has emerged as a potential 

methodology for the fabrication of heat releasing polyolefin based nanocomposites.   

 

 

Keywords: thermal conductivity, alumina, localization, interfacial modification, reactor 

granule technology 
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4.1. Introduction 

     Due to rapid escalation of power densities in electronic devices along with the trend to 

reduce device dimensions, the issue of thermal management has become essential.  The 

possession of high thermal conductivity is crucial for the dissipation of heat to ensure the 

efficient operational performance of these devices [1-3].  Previously, metals were used as 

major materials for effective dissipation of heat.  But, their deficiencies including high 

density, limited design flexibilities and propensity for corrosion have posed limitation in 

their usage.  Polymers having low density as well as superior processibilty and design 

flexibility offer a potential alternative [4], while low thermal conductivity of these commonly 

used polymers constitutes a bottle neck in their widespread use [5].  An approach to improve 

the heat transfer through the polymers is the use of thermally conductive fillers [6].  Thus, 

polymer composites with improved thermal conductivity portend as an effective heat 

dissipative materials to fill in the gap [7].  

     One way is to introduce electrically conductive inclusions (e.g. graphene, carbon 

nanotube, etc.) with high intrinsic thermal conductivity into the polymer matrix [8-10].  

Though these fillers can notably increase the thermal conductivity but sharply reduce the 

breakdown strength, leading the target composites to be electrically conductive [11].  A 

balance is required that maximizes the heat dissipation ability of the electrically insulating 

material while achieving superior device performance.  The other is the addition of 

electrically insulating ceramic fillers (e.g.  BN, AlN, Al2O3) [12-15].  Ceramic fillers have  
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become attractive alternative because they offer high thermal conductivity while maintaining 

the desired level of electrical insulation.    

     For effective designing of thermally conductive polymer nanocomposites, not only the 

use of appropriately selected polymers and fillers is sufficient, but a holistic approach to 

satisfy all the application requirements is needed.  The filler type, loading level, filler shapes 

as well as size have a strong influence on the thermal conductivity of the polymer 

nanocomposites.  Moreover, the spatial arrangement of fillers (dispersed individual particles, 

aggregates, fractal clusters, percolated network etc.), their orientation and interaction 

between polymers and fillers are also important to the thermal conductivity [16].  For 

instance, hexagonal boron nitride, an anisotropic filler enables to achieve high thermal 

conductivity at relatively low loading level as compared to other ceramic fillers owing to 

large aspect ratio [17].  Many researchers have utilized ceramics as the thermal dissipative 

filler for the preparation of composite materials.  Goh et al. prepared the Al2O3 and ZnO 

reinforced silicone rubber and found about 70 % enhancement of thermal conductivity at 10 

vol% of the filler loading [18].  Kou et al. investigated the effect of particle size of alumina 

on the thermal conductivity of silicone rubber.  Thermal conductivity of the prepared 

nanocomposites improved with small diameter of Al2O3 nanoparticles at the same volume 

fraction [19].   
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The inclusion of these aforementioned fillers improves the thermal conductivity of polymer 

matrices.  The elaborate synthesis and exorbitant price of BN makes it less preferred for large 

scale production of nanocomposites.  On the other hand, high filler loadings greater than 30 

vol% is required to achieve the necessary level of thermal conductivity, unless some 

prohibitory expensive fillers (such as boron nitride) are employed [20,21].  Such high filler 

loadings adversely affect the dispersion of fillers in the polymer matrices and deteriorate the 

physical properties of the resultant nanocomposites.  Moreover, fabrication of industrially 

significant polyolefin based nanocomposites with good dispersion as well as improved 

physical properties is a serious challenge due to the chemical inertness of polyolefins. 

     In the previous chapter, the fabrication of highly filled PP/Al2O3 nanocomposites based 

on established reactor granule technology has been reported [22].  Among various fillers, 

Al2O3 has been chosen due to its combination of moderate thermal conductivity, low 

coefficient of thermal expansion, non-toxicity and low cost [23].  The methodology is based 

on the pore confinement concept for the in-situ fabrication of nanocomposites [22].  A 

molecular precursor of filler is impregnated in the porosity of PP reactor granule and is 

subsequently converted to highly dispersed nanoparticles during melt-processing.  It is 

believed that the spatial confinement offered by the porosity of reactor granule prevents the 

agglomeration of the formed nanoparticles even without the use of any capping agents.  The  

prepared nanocomposites not only revealed extremely nice dispersion of nanoparticles up to 

filler loading of 20 wt% with improved physical properties but also exhibited promising 

values of thermal conductivity.   
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     Based on these findings, herein this chapter, the aim was focused on maximizing the 

potential of the reactor granule technology for further improving the thermal conductivity by 

utilizing Al2O3 based PP nanocomposites.  To realize this, three strategies were additionally 

applied.  The first one is aimed at achieving localization of Al2O3 nanoparticles by forming 

Al2O3-rich and Al2O3-poor domains in the resultant PP/Al2O3 nanocomposites.by dilution of 

highly filled reactor granule with neat PP.  The second strategy is based on exploiting the 

dispersing ability of impregnated reactor granule as dispersant for pre-formed nanoparticles 

at elevated filler loadings.  The last one utilizes the fact that interface plays a critical role in 

determining the effective thermal conductivity of the resultant nanocomposites [24-27].  The 

improved interfacial interaction between the matrix and the filler results in higher values of 

thermal conductivity.  Therefore, PP/Al2O3 nanocomposites were fabricated by additionally 

employing silane coupling agent during the impregnation as interfacial modifier for the in-

situ generated Al2O3 nanoparticles.  The advantage of the prepared nanocomposites lies at the 

fact that not only they will serve as promising candidates with high heat releasing capacity  

but will also provide a platform to fairly compare the effect of different strategies on the 

same polymer/filler system.   
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4.2. Experimental 

4.2.1. Materials  

     PP reactor granule (Mw = 2.6 x 105, Mw/Mn = 5.69 and mmmm = 98 mol%) was 

synthesized by propylene polymerization using a Mg(OEt)2-based Ziegler-Natta catalyst.  

The median size (D50) and pore volume of the granule were determined as 480 μm and 0.56 

mL/g based on laser scattering in ethanol (HORIBA partica, LA-950V2) and mercury 

porosimetry (Shimazu, Autopore IV 9505), respectively.  Aluminium isopropoxide 

(Al(OiPr)3) was supplied by Sigma-Aldrich and used as precursor.  Preformed nanoparticles 

of Al2O3 (Alu C, Nippon Aerosil, diameter = 15 nm) were used to prepare nanocomposites.  

PP grafted with maleic anhydride (PP-g-MA, MFI = 10.1 g/min, MA content = 1 wt%) was 

purchased from Chemtura as a compatibilizer.  Dodecyl trimethoxy silane (DTMS) was 

supplied by TCI and used as interfacial modifier for in-situ generated nanoparticles.  n-

Octdecyl-3-(3’,5’-di-t-butyl-4’-hydroxyphenyl)-propionate (AO-50) and bis(1,2,2,6,6-

pentamethyl-4-piperidyl) sebacate (LA-77) were donated by ADEKA.  They were used as an 

anti-oxidant stabilizer and catalyst for the sol-gel reaction, respectively.  
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4.2.2. Fabrication of Polymer Nanocomposites 

     PP/Al2O3 samples were prepared according to the procedure described in our recent work 

[18].  Briefly, PP reactor granule was impregnated with specific amount of Al(OiPr)3 

dissolved in toluene so as to obtain 5.0, 10, 20, 30 and 40 wt% loading of Al2O3 in the 

resultant nanocomposites, under the assumption of full conversion of metal alkoxides to 

oxides.  After impregnation and solvent removal in vacuo, the granule was pre-hydrolysed 

with subsequent melt-mixing.  The conditions of the impregnation and pre-hydrolysis were 

same with those as mentioned in our recent work [18].  The prepared samples were termed as 

“in-situ” PP/Al2O3 nanocomposites.  Reference samples were also prepared by melt-mixing 

preformed nanoparticles with the reactor granule in the absence or presence of 5.0 wt% of 

PP-g-MA.  They were termed as “PP/Al2O3-NP” and “PP/PP-g-MA/Al2O3-NP” 

nanocomposites respectively.  The melt-mixing was carried out using an internal mixer 

(Toyo Seiki, LaboPlastomill) at 180 °C and 100 rpm for 20 min.  All the nanocomposite 

samples were hot-pressed into films with a thickness of 200 µm.  The hot pressing was 

performed at 230°C and 10 MPa for 10 min, followed by quenching at 100 °C for 5 min and 

subsequently at 0 °C for 5 min. 
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     Other kinds of Al2O3 based PP nanocomposites based on three different strategies were 

also prepared. 

i) Dilution of impregnated reactor granule – The reactor granule preliminary impregnated to 

obtain 20 and 40 wt% of Al2O3 loading and pre-hydrolyzed was melt-mixed with neat PP to 

prepare nanocomposites with the final filler loading of 3.0; 5.0; 10 and 10; 20; 30 wt% 

respectively.  The prepared samples were termed as “in-situ + PP” nanocomposites.  The list 

of the prepared nanocomposites is summarized in Table 4. 1.  

ii) Concentration of impregnated reactor granule – the reactor granule preliminary 

impregnated to obtain 10 wt% of Al2O3 loading and pre-hydrolyzed was melt-mixed with 

preformed Al2O3 nanoparticles to prepare nanocomposites with the final filler loading of 20, 

30 and 40 wt%.  The prepared samples were termed as “in-situ + NP” nanocomposites.  The 

list of the prepared nanocomposites is summarized in Table 4.1. 

iii) Using DTMS as interfacial modifier – The similar procedure as that for in-situ samples 

was carried out to prepare nanocomposites with the Al2O3 loading of 20 wt% with the further 

addition of different amounts of DTMS corresponding to Si/Al ratio as 0.006, 0.03 and 0.06 

mol/mol during the impregnation step.  The prepared samples were termed as “in-situ + 

DTMS” nanocomposites. 
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Table 4.1.  Sample list of nanocomposites prepared based on utilization of highly filled 

reactor granule. 

 

4.2.3. Characterization 

     Fourier transform infrared image mapping analysis of PP/Al2O3 nanocomposites prepared 

based on masterbatch method was performed using Spotlight 200 FTIR microscope (Perkin 

Elmer).  The IR mapping data was acquired in transmission mode between 1500 and 500 cm–

1 with a spectral resolution of 8 cm–1.  For each sample an area of 500 X 500 µm was 

selected for imaging.  The dispersion of nanoparticles in the PP matrix was evaluated by  
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Code Masterbatch Addition Theoretical loading (wt%) 

in-situ + PP PP/Al2O3 (in-situ) 20 wt% Neat PP 10 

   5.0 

   3.0 

in-situ + PP PP/Al2O3 (in-situ) 40 wt% Neat PP 30 

   20 

   10 

in-situ + NP PP/Al2O3 (in-situ) 10 wt% Al2O3 NPs 20 

   30 

   40 
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transmission electron microscopy (TEM, Hitachi H-7100) with an accelerating voltage of100 

kV.  The TEM specimens with a thickness of 100 nm were prepared by an ultramicrotome 

(ULTRACUT FCS, Leica) equipped with a diamond knife.  The thermal diffusivity (α) of 

nanocomposites was measured using a temperature wave analyzer (ai-Phase mobile 1u/2, 

Hitachi High-Tech Science) equipped with a sensor of 0.5 x 0.2 mm in size.  The sample was 

sandwiched between the heater and the sensor plates, and the distance between the two plates 

was adjusted to create a firm contact with both surfaces of the sample.  The applied voltage 

was set to 1.4 V and the delay in phase of the temperature wave was measured at eight 

frequency points within a range of 0.2-2 Hz.  The thermal conductivity (λ) was derived from 

λ = α Cp ρ  

where Cp is the specific heat capacity and ρ is the density of a sample.  The specific heat  

capacity at room temperature was determined by differential scanning calorimeter (DSC, 

Mettler Toledo DSC-822).  The temperature was swept in the range of 0-50 ºC at 20 ºC/min 

under nitrogen flow of 200 mL/min. 
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4.3. Results and Discussion 

     The results of in-situ and reference PP/Al2O3 nanocomposites have been embodied from 

the work of previous chapter to have an overview and comparison of all the strategies.  TEM 

images of representative PP/Al2O3 nanocomposites are summarized in Fig. 4.1.  As usual, the 

direct melt-mixing of pre-formed nanoparticles with PP resulted in the formation of huge PP 

aggregates in PP (Fig. 4.1a).  The addition of PP-g-MA as compatibilizer partially improved 

the dispersion but at the high filler loading, the extent of improvement was not satisfactory as 

can be seen from the presence of large number of aggregates (Figs. 4.1b and 4.1c).  A totally 

different state of dispersion was observed when the nanoparticles were in-situ generated 

(Figs. 4.1d, 4.1e and 4.1f).  It was found that uniform dispersion of nanoparticles was 

achieved irrespective of the filler loading.  Even though the increase of the filler loading and 

the pre-treatment process resulted in larger particle sizes, the formed nanoparticles were 

basically nano-sized and highly dispersed, which were attributed to the impregnation and 

confinement of the precursors in the porosity of the reactor granule.  It can be concluded that  

reactor granule technology is the most practical way in dispersing nano-sized Al2O3 at all 

filler loading. 
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Figure 4.1.  TEM micrographs of PP/Al2O3 nanocomposites: (a) NP (5.0 wt%), (b,c) PP-g-

MA/NP (5.0 and 10 wt%) and (d-f) in-situ with pre-treatment under 80 C and 100% RH for 

24 h (5.0, 10, and 20 wt%).   

      

     In order to realize heat releasing plastics, one of the most effective ways is the addition of 

Al2O3 to polyolefin, in which the utilization of nanoparticles is expected to lower the filler 

loading, as long as the dispersion is controlled.  As mentioned above, the reactor granule 

technology has its advantage in dispersing nano-sized Al2O3 irrespective of the filler loading.  

Therefore, the thermal conductivity of all the prepared PP/Al2O3 nanocomposites was  
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extensively examined.  Table 4.2 summarizes the value of different parameters which were 

used to determine the thermal conductivity of in-situ and reference PP/Al2O3 nanocomposites. 

 

Table 4.2.  Physical properties of in-situ and reference PP/Al2O3 nanocomposites for thermal 

conductivity calculation. 

 

Sample Loading 

(wt%) 

ρ 

(g/cm
3
) 

Cp
  

(J/g K) 

α
 
  

(mm
2
/s) 

Neat PP 0 0.89 ± 0.02 1.82 ± 0.02 0.130 ± 0.007 

NP 5.0 1.02 ± 0.02 1.72 ± 0.02 0.135 ± 0.002 

 10 1.16 ± 0.04 1.71 ± 0.01 0.145 ± 0.004 

 20 1.48 ± 0.03 1.57 ± 0.02 0.153 ± 0.005 

PP-g-MA/NP 5.0 1.06 ± 0.02 1.72 ± 0.05 0.138 ± 0.002 

 10 1.17 ± 0.03 1.70 ± 0.01 0.148 ± 0.006 

 20 1.48 ± 0.02 1.58 ± 0.03 0.157 ± 0.004 

in-situ 5.0 1.04 ± 0.03 1.74 ± 0.03 0.145 ± 0.002 

 10 1.18 ± 0.01 1.70 ± 0.02 0.158 ± 0.005 

 20 1.50 ± 0.02 1.60 ± 0.01 0.170 ± 0.006 

 30 1.80 ± 0.03  1.52 ± 0.02 0.224 ± 0.005 

     

     As can be seen, the value of specific heat capacity (Cp) and density (ρ) of nanocomposites 

hardly changed among the different nanocomposites, but varied with the amount of filler 

loading.  However, at the same filler loading, the value of thermal conductivity was not same 

for different type of samples as can be seen in Fig. 4.2.  This change originated from the 

variation in the value of thermal diffusivity (α), which is a measure of the transient thermal  
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response of a material to a change in temperature.  When compared, it was found that the 

thermal diffusivity followed the order of PP/Al2O3 (in-situ) > PP/PP-g-MA/Al2O3 (NP) > 

PP/Al2O3 (NP) at all the filler loadings i.e. the same order with that of dispersion.  Also, the 

thermal diffusivity increased with the filler loading.  Considering both these facts, it was 

inferred that the thermal diffusivity was improved by shortening the organic pathway and 

maximizing the inorganic pathway during heat transfer which is possible due to the uniform 

dispersion of nanoparticles.  Based on these results, we further aimed at exploiting Al2O3 

based PP nanocomposites to further maximize the potential of reactor granule technology for 

the development of heat releasing polyolefin-based nanocomposites.  

 

 

 

      

      

 

 

 

 

Figure 4.2.  Thermal conductivity of in-situ and reference PP/Al2O3 nanocomposites at 

different filler loading.  
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     Next, PP/Al2O3 nanocomposites prepared by dilution of highly filled reactor granule with 

neat PP were studied.  Transmission FT-IR images of in-situ + PP nanocomposites are shown 

in Fig. 4.3. 

 

 

 

 

 

 

 

 

Figure 4.3.  FTIR image mapping of (a) in-situ and (b) in-situ + PP nanocomposites (40      

20 wt%). 

 

     The intensity scale associated with each image is such that blue and red extremes 

respectively correspond to low and high absorption values as given by spectral integration.  

The relative intensity of FT-IR band is proportional to the relative concentration of the 

components in a sample.  Local concentration of Al2O3 was evaluated by the absorbance 

intensity of band related to alumina (500-650 cm–1) normalized using the absorbance 

intensity of the C-H band of PP at around 960 cm–1.  FT-IR maps analysis of Al-O-Al band 

shows the distribution of Al2O3 in the nanocomposite sample, as blue and red colors indicate 

low and high Al2O3 contents in the sample, respectively.  In the obtained IR maps, the 

concentration gradient was observed as expected due to the formation of Al2O3-rich and  
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Al2O3-poor domain in the nanocomposite on dilution of impregnated reactor granule with 

neat PP.  On dilution, the overall (bulk) filler concentration does not change but the polymer-

rich and filler rich domains are formed in which the respective concentration are significantly 

higher than the bulk concentration of polymer and filler respectively.  

     A seen above, the preparation protocol largely affected the thermal properties of the 

resultant nanocomposites.  The effect of dilution of impregnated reactor granule with neat PP 

was assessed based on the thermal conductivity.  The parameters for determination of 

thermal conductivity for the in-situ + PP nanocomposites are summarized in Table 4.3 and 

the thermal conductivity values are shown in Fig. 4.4. 

Table 4.3.  Physical properties of in-situ + PP nanocomposites for thermal conductivity 

calculation. 
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Sample Loading 

(wt%) 

ρ 

(g/cm
3
) 

Cp 

(J/g K) 

α 

(mm
2
/s) 

in-situ + PP 40      30 1.82 ± 0.01  1.51 ± 0.04 0.236 ± 0.01 

 20 1.51 ± 0.03 1.59 ± 0.02 0.208 ± 0.02 

 10 1.20 ± 0.03 1.68 ± 0.03 0.187 ± 0.03 

in-situ + PP 20      10 1.18 ± 0.02 1.70 ± 0.03 0.163 ± 0.002 

 5 1.05 ± 0.02 1.75 ± 0.02 0.152 ± 0.001 

 3 0.98 ± 0.03 1.76  ± 0.03 0.148 ± 0.003 

In-situ + PP 

   In-situ + PP 

In-situ  
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Figure 4.4.  Thermal conductivity of PP/Al2O3 nanocomposites prepared by dilution of 

impregnated reactor granule with neat PP.  

     The positive trend in the values was obtained.  When compared, at the filler loading of 20 

wt%, the thermal conductivity for the “in-situ + PP” obtained was 0.50 vs 0.41 for the “in-

situ” sample.  The positive consequence of dilution was attributed to the fact that the addition 

of neat PP to impregnated reactor granule leads to the formation of filler-rich domains having 

a higher than bulk (average) filler concentration and polymer-rich domains having lower than 

bulk (average) filler concentration.  The overall (bulk) concentration of the filler doesn’t 

change, only the filler particles and the organic component are distributed into respective 

regions of higher concentrations.  The areas of higher than average filler concentration can 

form semi-continuous or continuous pathways of conductive filler material extending  
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throughout the nanocomposite.  These pathways provide a low resistance route through 

which thermal phonons can travel, resulting in enhanced values of thermal conductivity.  The 

ability of the impregnated reactor granule as dispersant was evaluated by means of thermal 

conductivity.  The required parameters are summarized in Table 4.4 and the thermal 

conductivity is depicted in Fig. 4.5.  When the pre-formed nanoparticles were added to the 

reactor granule containing Al(OiPr)3 at 10 wt%, the thermal diffusivity obtained was 0.40.  It 

was found that the value of “in-situ + NP” is higher than that of “PP/PP-g-MA/Al2O3-NP”.  This 

originated due to the fact that the dispersion of nanoparticles was much more improved upon the 

addition of impregnated granule as compared when the nanoparticles are directly melt-mixed in 

the presence of a compatibilizer.  Thus, the impregnated reactor granule has a better dispersing 

ability for the pre-formed nanoparticles. 

 

Table 4.4.  Physical properties of in-situ + NP nanocomposites for thermal conductivity 

calculation. 

 

 

 

Chapter 4 

Sample Loading 

(wt%) 

ρ 

(g/cm
3
) 

Cp 

(J/g K) 

α 

(mm
2
/s) 

 20 1.52 ± 0.03 1.60 ± 0.02 0.165 ± 0.002 

in-situ + NP 30 1.81 ± 0.02 1.50 ± 0.03 0.178 ± 0.005 

 40 2.10 ± 0.02 1.42 ± 0.03 0.195 ± 0.003 
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Figure 4.5.  Thermal conductivity of PP/Al2O3 nanocomposites prepared by the addition of 

impregnated granule to preformed nanoparticle.  

     The effectiveness of DTMS as interfacial modifier was evaluated in terms of thermal 

diffusivity and conductivity.  The parameters required for the evaluation of thermal conductivity 

of the samples prepared by the addition of DTMS as interfacial modifier are summarized in 

Table 4.5 and the thermal conductivity values are shown in Fig. 4.6.  Different amounts of 

DTMS corresponding to Si/Al ratio as 0.006, 0.03 and 0.06 mol/mol were added and their 

effect on thermal conductivity was assessed.  It was found that on increasing the amount of 

DTMS from 0.006 to 0.03 mmol, the thermal conductivity increased but there was no significant 

change in the values on increasing the DTMS content from 0.03 and 0.06 mmol, indicating that 

0.03 mmol of DTMS was sufficient.  The increase in values of thermal conductivity is attributed 

to the improved interfacial interaction between the PP and in-situ generated Al2O3 nanoparticles. 
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Table 4.5.  Physical properties of in-situ + DTMS nanocomposites for thermal conductivity 

calculation. 

 

 

 

 

 

 

 

 

 

      

 

Figure 4.6.  Thermal conductivity of PP/Al2O3 nanocomposites prepared using DTMS as 

interfacial modifier. 
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Sample Amount of DTMS 

(mmol) 

ρ 

(g/cm
3
) 

Cp 

(J/g K) 

α 

(mm
2
/s) 

 0.0 1.50 ± 0.02 1.60 ± 0.01 0.170 ± 0.06 

 0.006 1.52 ± 0.03 1.62 ± 0.02 0.214 ± 0.02 

in-situ + DTMS 0.03 1.53 ± 0.02 1.62 ± 0.03 0.240 ± 0.03 

 0.06 1.55 ± 0.01 1.63 ± 0.01 0.242 ± 0.02 
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4.4. Conclusion 

     In this study, we aimed at maximizing the potential of reactor granule technology for the 

development of thermally conductive polyolefin-based nanocomposites.  To achieve this, 

three different strategies were applied.  The first one was based on the formation of filler-rich 

and polymer-rich domains by the dilution of impregnated granule with neat PP.  FT-IR 

image mapping confirmed the presence of filler-rich and polymer-rich domains in the 

resultant PP/Al2O3 nanocomposites.  The second strategy aimed at evaluating the dispersing 

ability of impregnated reactor granule for the preformed Al2O3 nanoparticles.  The last one 

employed silane coupling agent as interfacial modifier for the in-situ generated Al2O3 

nanoparticles.  From the results of in-situ and reference PP/Al2O3 nanocomposites, it was 

found that the preparation protocol largely affected the thermal properties of the resultant 

nanocomposites.  The effectiveness of the employed strategies was studied in terms of 

thermal diffusivity and conductivity.  The results indicated that the formation of Al2O3-rich 

and Al2O3-poor domain resulted in the improvement of thermal conductivity.  Among the 

three strategies employed, the interfacial modification of in-situ generated Al2O3 

nanoparticles was most effective in improving the thermal conductivity. 
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Chapter 5 

 

     In this thesis, in Chapter 2, a novel reactor granule technology based on pore confinement 

concept for the in-situ fabrication of polyolefin-based nanocomposites in a dispersant-free 

manner has been disclosed.  A molecular precursor of fillers is impregnated in the porosity of 

reactor granule and subsequently converted into dispersed nanoparticles in melt-processing.  

The successful application of the methodology for the fabrication of PP/Mg(OH)2 

nanocomposites has been demonstrated.  It was found that the hydrolysis of impregnated 

magnesium alkoxide prior to melt mixing enables good dispersion of Mg(OH)2 nanoparticles 

even at a high filler loading over 10 wt%. The prepared nanocomposites achieved a self-

extinguishing level in flame retardation at 20-30 wt%, in comparison to 60 wt% for 

conventional PP/Mg(OH)2 composites. The results revealed that the methodology not only 

offers uniform dispersion of nanoparticles in a dispersant-free manner, but also allows an 

access for the fabrication of highly filled nanocomposites.  I believe that the study presented 

in Chapter 2 is one of the rare examples that successfully exploit the great potential of 

polyolefin-based nanocomposites in a simple and versatile process and can be easily 

extended to similar nanocomposite materials. 

     To generalize the reactor granule technology to various kinds of highly filled 

nanocomposites, in Chapter 3, the reactor granule technology was applied for fabrication of 

functionally advantageous PP nanocomposites with oxide nanoparticles, namely PP/TiO2 and 

PP/Al2O3 nanocomposites.  Firstly, the synthetic aspects of highly filled PP/TiO2 and 

PP/Al2O3 nanocomposites were demonstrated.  From SEM and EPMA analysis, it was  
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proved that the porosity plays an important role in effective confinement and pre-dispersion 

of the molecular precursors.  Furthermore, a hydrolytic pre-treatment was found to be crucial 

for the solidification of precursors in the porosity of PP reactor granule and for achieving 

excellent dispersion of nanoparticles at higher filler loading.  Next, the advantages of reactor 

granule technology with focus on PP/Al2O3 nanocomposites were examined in terms of 

application-oriented properties.  The excellent dispersion of Al2O3 nanoparticles led to 

significant improvement of mechanical properties of PP when compared to conventional 

composites.  It was found that the dispersion state mainly affected the thermal conductivity 

of the resultant nanocomposites.  At 20 wt% of filler loading, the thermal conductivity of 

nanocomposites was almost double to that of neat PP.  From the study presented in Chapter 

3, it can be concluded that the reactor granule technology is a versatile approach for the 

fabrication of polyolefin-based nanocomposites, offering excellent dispersion over a wide 

range of filler loading and superior properties even without the use of any dispersants.       

     In chapter 4, the development of heat releasing polyolefin nanocomposites based on 

reactor granule technology is presented.  Three different strategies were applied: i) the first 

one is based on the idea of forming filler-rich and polymer-rich domains in the resultant 

nanocomposites by diluting highly filled reactor granule with neat PP; ii) examining the 

dispersing ability of impregnated reactor granule as dispersant for pre-formed nanoparticles 

at elevated filler loadings; and iii) employing silane coupling agent as interfacial modifier for  
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the in-situ generated Al2O3 nanoparticles.  The effectiveness of the three employed strategies 

was studied based on the thermal diffusivity and conductivity of the resultant 

nanocomposites.  Form the study presented in Chapter 4, it was concluded that impregnated 

reactor granule serve as suitable masterbatch for the preparation of functionalized polyolefin 

grades.  The usage of silane coupling agent improved the thermal conductivity of resultant 

PP/Al2O3 nanocomposites and is attributed to the improved interfacial interaction between 

Al2O3 nanoparticles and PP matrix.  Among the employed strategies, use of silane coupling 

agents proved to be most effective in the formulation of high thermally conductive 

polyolefin-based nanocomposites.   

     I believe that the research work carried out in this thesis has established a novel and 

promising route for the fabrication of functionally advantageous nanostructured polymer 

nanocomposites in a simple and efficient manner.  Furthermore, I have solved a few of the 

major challenges in the field of general polymer composites and hybrids such as a) use of 

dispersants to achieve nano-level dispersion, b) dispersion problem at high filler loading and 

c) problem in traditional compounding of thermoplastics in order to offer fabrication of a 

variety of value-added grades. This technology is also expected to be applicable for other 

polymers with porous architecture. 
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