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Abstract 
   Two different types of polyhedral oligomeric silsesquioxane (POSS), octaisobutyl POSS 
(Oib POSS) and trisilanolphenyl POSS (Tsp POSS), were melt blended with low density 
polyethylene (LDPE) and linear low density polyethylene (LLDPE) at different processing 
temperatures on a Brabender plastograph. Scanning electron microscopy (SEM) was used to 
determine the effect of mixing temperature on the dispersion state of Oib POSS and Tsp 
POSS nanoparticles in PE matrices. Large agglomerates with sizes of 5-10 µm were observed 
in LDPE/Oib POSS blends prepared at 175°C and 200°C, but the size of the agglomerates 
was reduced to approximately 1µm when the nanoparticles were partially melted during 
processing at 270°C. The results indicate that the compatibility of LLDPE with Oib POSS is 
better than with LDPE. SEM images of Tsp POSS nanocomposites show that POSS 
nanoparticles form agglomerations of sub-micrometer sizes in all the samples. However, the 
level of agglomerations in LLDPE/Tsp POSS and LDPE/Tsp POSS nanocomposites is 
decreased with increasing the mixing temperature up to the melting temperature of Tsp POSS. 
Moreover, frequency sweep tests were carried out to study the rheological behavior of the 
nanocomposites. A decrease in the complex viscosity was observed by addition of Oib POSS 
nanoparticles to LDPE and LLDPE matrices. The reduction in the complex viscosity of LDPE 
was more pronounced at a mixing temperature of 270°C, while the addition of Tsp POSS 
increased the complex viscosity of PE.  
   Tsp POSS and Oib POSS nanoparticles were incorporated into PP, LLDPE and LDPE by 
use of a single screw extruder at different POSS contents, and the properties of the 
nanocomposites were investigated. From the tensile test results it is found that the tensile 
modulus of PP, LLDPE and LDPE is enhanced by addition of POSS nanoparticles, but this 
increase is accompanied by a reduction of the tensile strength. The flexural properties of PE 
are improved in the presence of POSS, whereas the flexural properties of PP depend on the 
type of POSS.  
   Composites of LLDPE and LDPE with two types of boehmite, BA40 and BA80, with 
different crystalline size were prepared using a single screw extruder, and their properties 
were investigated. It is found that the properties of PE/BA composites strongly depend on the 
type of polyethylene, while there is no significant difference between PE/BA40 and PE/BA80 
composites. The complex viscosity of LLDPE is unchanged with addition of BA particles, 
while it increases in the case of LDPE. Also, the compatibility of BA particles with LLDPE is 
better than with LDPE. Accordingly, it was found that the tensile properties improve in the 
case of LLDPE composites, but decreases for LDPE composites, whereas the flexural 
properties are improved for both types of PE. 
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Zusammenfassung 

 
   Zwei verschiedene Arten von polyhedral oligomerische Silsesquioxane (POSS), 
Oktaisobutyl POSS (Oib POSS) und Trisilanolphenyl POSS (Tsp POSS) wurden mit 
Polyäthylene (LDPE) niederer Dichte und mit linearer Polyäthylene niederer  Dichte 
(LLDPE) bei unterschiedlichen Temperaturen auf einem Brabender Plastograph  
verschmolzen. Mittels Rasterelektronenmikroskopie (SEM) wurde der Einfluss der 
Vermischungstemperatur auf den Dispersions-Zustand der Oib POSS und Tsp POSS 
Nanopartikel in PE Matrixe bestimmt. Große Agglomerate der Größe 5 - 10 Mikrometer 
wurden in LDPE/Oib POSS Schmelzen, die bei 175°C und 200°C hergestellt wurden, 
beobachtet. Dagegen verringerte sich ihre Größe auf ungefähr 1 Mikrometer nach einer 
Teilschmelze bei 270°C. Die Ergebnisse belegen, daß die Kompatibiltät von LLDPE mit Oib 
POSS größer ist als mit LDPE. SEM Bilder von Tsp POSS Nanokomposite zeigten, daß sich 
POSS-Nanopartikel Agglomerate in Submikrometerbereich in allen Proben bildeten. Aber der 
Grad der Agglomeratisierung in LLDPE/Tsp POSS und LDPE/Tsp POSS Nanokompositen 
wurde mit steigender Mischtemperatur bis zum Schmelzpunkt der Tsp POSS verringert. 
Weiterhin wurden Frequenzablauf-Messungen durchgeführt, um das rheologische Verhalten 
der Nanokomposite zu untersuchen. Eine Verringerung der komplexen Viskosität wurde nach 
Zugabe von Oib POSS Nanopartikel zu LDPE und LLDPE Matrixe beobachtet. Die Abnahme 
der komplexen Viskosität von LDPE war bei einer Mischtemperatur von 270°C stärker 
ausgeprägt, während eine Zugabe von Tsp POSS die komplexe Viskosiät vergrößerte.  
   Tsp POSS und Oib POSS Nanopartikel wurden in PP, LLDPE und LDPE mittels einer 
Einschneckenextruders bei unterschiedlichen POSS Zusammensetzungen eingeführt. Die 
Eigenschaften dieser Nanokomposite wurden untersucht. Die Dehnuntersuchungen zeigten, 
daß der Zugmodul von PP, LLDPE und LDPE durch Zugabe von POSS Nanopartikel 
verbessert wurde, aber von einer Abnahme der Zugfestigkeit begleitet wurde. Das 
Verformungsverhalten von PE wurde bei Vorhandensein von POSS verbessert, dagegen 
hängte das Verformungsverhalten von PP von der Art der POSS ab.  
   Komposite von LLDPE und LDPE mit zwei Arten von Böhmiten, BA40 und BA80, mit 
unterschiedlichen Kristallgrößen wurden mittels einer Einschneckenextruders präpariert und 
untersucht. Es wurde festgestellt, daß die Eigenschaften der PE/BA Komposite stark von der 
Art des Polyäthylens abhängen, während es zwischen PE/BA40 und PE/BA80 Kompositen 
keine signifikanten Unterschiede gab. Die komplexe Viskosität des LLDPE blieb nach 
Zugabe von BA Partikel unverändert, im Falle des LDPE stieg sie. Also war die 
Kompatibilität von BA Partikel mit LLDPE besser als mit LDPE. Dementsprechend 
verbesserte sich die Zugfestigkeit im Falle der LLDPE Komposite, aber verschlechterte sich 
für LDPE Komposite, währenddessen das Verformungsverhalten bei beiden Arten von PE 
sich verbesserte. 
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Chapter 1  

Introduction 
 1.1 Introduction 

      Nanocomposites are a new class of composite materials with particles having at least one 

dimension belonging to the nanometer dimension. Polymer nanocomposites include a wide 

range of inorganic materials in nanometer scale that can be mixed with polymer or monomer. 

Actually, they have attracted tremendous interest because they theoretically promise essential 

enhancement of various properties by addition of a small amount of nanofiller such as 

mechanical, thermal, electrical, barrier, and flame retardant properties. Such improvement can 

be attributed to the nanofiller particle surface properties and to the interfacial interactions of 

the nanofiller with the host polymer. However, the addition of nanofillers to polymer is 

accompanied by an increase in the melt viscosity which may cause problems with processing. 

Therefore, production of these materials requires detailed understanding of their rheological 

behavior. Recently, it has been reported that the viscosity of the polymer can be reduced by 

addition of small amounts of nanofiller [Joshi et al. 2006]. 

      In fact, the biggest obstacle during the preparation of nanocomposites is the aggregation 

tendency of the nanofillers. Because of their high specific surface area, the nanoparticles 

aggregate between themselves very easily, and the aggregation may act as defect center and 

sometimes leads to worsen the mechanical properties of the polymer.  The main question is, 

how we can disperse the nanofiller especially at higher loading. Actually, different methods 

can be used to disperse the nanofiller into the polymer, such as shear mixing, mechanical 

mixing, in-situ polymerization and sonication, but some of them are complicated. In order to 

get the necessary dispersion of nanofillers, sometimes the nanofillers should be surface 

modified and/or suitable compatibilizer should be used. High dispersion is not easily 

achieved, but when the nanofillers are homogeneously dispersed in the polymer matrix, the 

full potential of nanocomposites can be exploited.  

   The nanofiller can be one dimensional nanofiller (rod-like), two dimensional nanofiller 

(sheet-like), or three dimensional nanofiller (nanoparticles). In this thesis the interest is in 

three dimensional nanofillers. Polyhedral oligosilsesquioxane (POSS) is a hybrid material 

(organic-inorganic). The term silsesquioxane refers to molecules, which have the basic 

composition of RnSinO1.5n, where R is hydrogen or an organic group such as alkyl, alkylene, 

aryl and arylene, and (n = 6, 8, 10….). The diameter of the cages is about 1-3 nm. However,
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unlike other nanofillers, each POSS molecule has an organic group on its outer surface. 

These groups can be nonreactive or contain one or more reactive groups which help to 

enhance the compatibility with the host polymer. Actually, it has been reported that the 

incorporation of POSS molecules in the polymer matrix can improve the processability of 

the polymer, the use temperature and oxidation resistance, and the mechanical properties 

[Romero-Guzman 2009]. Therefore, it is important to describe these materials, not only 

physically and mechanically, but also rheologically, morphologically and thermally as 

well. 

   The POSS molecules can be incorporated into the polymer by different methods such as 

copolymerization, grafting or melt blending methods. The melt blending method has the 

advantages that compounding can be carried out by using traditional technology and 

thereby POSS nanocomposite with significant properties can be obtained.  

   In the present study another interesting type of filler has been used: Boehmite is an 

aluminum oxide hydroxide (AlOOH) particle, with hydroxyl groups linked on its surface. 

Boehmite particles can be produced in different shapes such as platelet, rod and needle 

and with different aspect ratios [Wierenga 1998]. DISPERAL and DISPAL are high 

purity boehmite particles manufactured by Sasol. Recently it is been reported that the 

agglomerates of unmodified boehmite can be broken upon shearing during melt blending 

and nanoscale dispersions can be obtained [Streller 2008]. 

   A previous study on the incorporation of polyhedral oligomeric silsesquioxane (POSS) 

molecules into polymer matrix by melt blending and the influence of the amount of 

nanofiller and its dispersibility on the properties of these nanocomposites is summarized 

in this thesis (Section 2.4.1). Indeed, interesting results have been obtained. According to 

these results it seems that very few works have studied PE/POSS nanocomposites via 

melt blending method.  Therefore, the present work is focused first on studying of the 

effects addition of two types of POSS on the properties of three different types of 

polyolefins namely LLDPE, LDPE and PP. The two types of POSS molecules have 

different structures and different melting temperatures. One of the POSS, trisilanolphenyl 

POSS has a partial cage structure, and the other, has fully condensed close cage structure 

octaisobutyl POSS .The  important aspects that have taken into account in this study, are 

the effect of the processing temperature as well as the effect of POSS structure on the 

rheological, morphological, thermal and mechanical properties of the POSS 
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nanocomposites.  

   Moreover, in the last years a number of studies successfully achieved a dispersion of 

BA particles at the nanometer level leading to a relevant improvement of the polymer 

performances, without compromising the processability. Therefore the present work is 

also focused on to study of the properties of composites prepared by using two types of 

unmodified boehmites (BA) manufactured by Sasol. These types have different 

crystalline sizes, 43 and 74.7 nm, and the polymers used as matrices are LLDPE and 

LDPE.  

1.2 Objectives  

   The study of the rheological behavior of polymer composites is very important for 

fabrication of the end product. The rheological studies are essential for making a logical 

choice of the polymer and its processing conditions. Hence, the first aim of this work is to 

reduce the viscosity of three types of polyolefins, namely LLDPE, LDPE and PP, during 

processing by addition of two different types of polyhedral oligomeric silsesquioxane 

(POSS), as well as studying the effect of these nanofillers on the mechanical and thermal 

properties of the polymers. Actually this goal cannot be achieved without obtaining 

uniform distribution of nanoparticles in the matrix, which sometimes means using some 

additives to improve the compatibility between the organic polymer and the inorganic 

particles. Our target is to obtain uniform distribution of POSS nanoparticles in polyolefin 

matrices by the melt blending method without using any type of coupling agents, but by 

finding out suitable processing conditions.  

   The second aim of this study is to improve the mechanical properties of LLDPE and 

LDPE by using two types of BA with different crystalline sizes and to study the effect of 

the particle size on the properties of the composites. 

 

 

 



 

4 

 

Chapter 2  

Background and literature survey 

2.1. Composites 

   New polymer applications have increased and therefore, new technology needs to be 

developed to meet new requirements, including use at high temperatures, greater resistance to 

oxidation, reduced flammability and improved mechanical properties. In fact, the polymer 

industry has been able to keep abreast with these market demands through the use of 

additives, fillers and polymer blends.  

   Polymer composite is commonly defined as any material made of two or more components 

with different structural, physical and chemical properties and at least one of these 

components is polymer. These components are separated by distinct interfaces and they 

combine the advantages of the inorganic material (e.g., rigidity, thermal stability) and the 

organic polymer (e.g., flexibility, dielectricity, ductility, and processability). Composite 

materials are said to have two phases: The continuous phase, which is the matrix, is usually a 

ductile or tough thermoplast or thermoset while the secondary phase is called the 

reinforcement, and is generally much stronger and stiffer than the matrix. The constituents of 

a composite are introduced in such a way that the discontinuous phase (the reinforcing phase) 

is embedded in the continuous (matrix) phase. By inserting synthetic or natural inorganic 

compounds, the properties of polymers improve and hence this has a lot of applications 

depending upon the inorganic material present in the polymer. For example, glass, carbon and 

boron fibers are added as reinforcing materials in fiber-reinforced plastic, for structural and 

nonstructural applications, silica and chalks can be used for plastic molding materials in order 

to make them cheaper. The purpose is to optimize material properties by the process of 

combination [Gupta M.C. and Gupta A.B. 2005, Thomas et al. 2012]. 

2.2. Nanocomposites 

   The field of polymer nanocomposites has attracted much interest in recent years. The 

market-tracking firm Freedonia Group Inc. predicted an increasing demand for 

nanocomposites in the United States from 60 million kg in 2006 to 420 million kg in 2016 

[Tolinski 2009]. Indeed, these materials have a big potential for applications in the automotive 

and aerospace industry as well as in construction, electrical applications and food packing. 
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Polymer nanocomposites can be defined as materials containing inorganic components, one of 

which has at least one dimension in the nanometer range (~100 nm).  

    It is believed that the tremendous interfacial area helps to greatly influence the composites 

properties, and as filler size decreases to sub-micrometer, the composite properties are 

improved compared to the net polymer or the micro-particulate filled polymer. In other words, 

nanocomposite polymers derive their improved properties from the high surface-to-volume 

ratio (A/V) of the reinforcement material. A change in particle diameter, layer thickness, or 

fibrous material diameter from the micrometer to nanometer range will affect the surface area-

to-volume ratio by three orders of magnitude [Ciselli 2007]. 

   In most of the commercially available composite materials, the structural unit is in the 

micrometer (10-6 m) length scale, and to get considerable improvements in the composite 

properties it sometimes requires using a large amount of filler in the polymer matrix.    

Actually, this may cause some other undesirable properties such as brittleness or loss of 

opacity. On the other hand in nanocomposite materials properties can be obtained by using 

low concentrations of inorganic components (1-10%). Moreover, micrometer size particles act 

as stress concentrators, and this effect can be decreased by using particles with nanometer 

size. On other hand the interaction level between the polymer and nanofiller is much higher 

when compared with conventional fillers at the same volume fraction, and covalent, ionic, 

hydrogen, or Van der Waals bonds can be formed between the nanofiller and the matrix 

[Ishida et al. 2000, Boreddy 2011].  

2.2.1 Classification of nanofillers 

   Various nanofillers with different shapes are currently being used. Nano reinforcements can 

be grouped into three broad categories: 

(1) One - dimensional nanofillers or cylinder or rodlike nanofillers such as e.g. carbon 

nanotubes (CNTs). Since their first observation nearly two decades ago by the electron 

microscopist Sumio Iijima, CNTs have been the focus of considerable research efforts. 

Carbon nanotubes can be found in two categories: Single-walled (SWNTs) nanotubes and 

multi-wall nanotubes (MWNTs). SWNTs are made up of a rolled graphite sheet capped by 

hemispheres of fullerenes with diameters ranging from 0.4 up to 5.6 nm, length of a few 

micrometers and an aspect ratio (L/D) of about 1000 nm, while multiwall MWNTs consist of 

two or more concentric cylindrical shells of graphite sheets with interlayer separation of about 
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0.34 nm (Figure 2.1). SWNTs have a smaller diameter than the diameter of  MWNTs, which 

is about 10-100 nm [Ciselli 2007, Bikiaris 2010]. A significant number of papers are 

dedicated to carbon nanotube polymer composites mainly because of their good  mechanical 

properties [Allaoui et al. 2002, Bokobza 2012], thermal stability [Bikiaris et al. 2008] and 

electrical properties [Valentinoa et al. 2008, Koysuren et al. 2013]. Carbon nanotubes are very 

expensive compared with other types of nanofillers. However, for nanocomposites that 

require electrostatic dispersion properties such as e.g. fuel-handling parts, carbon nanotubes 

are suitable nanofillers  

   

                                     

Figure 2.1 Schematic representation of (a) single-wall nanotube (SWNT) and (b) multi-wall 

nanotube (MWNT) [Ciselli 2007]. 

(2) Two - dimensional nanofillers or plate-like nanofillers such as e.g. nanoclays. There are 

two types of clay structures: 1:1 kaolinite and 2:1 layer silicate. The layered silicate clays or 

montmorillonite (MMT) (Figure 2.2) are the most common used clay for the preparation of 

polymer-clay nanocomposites because they are relatively inexpensive and provide remarkable 

properties because of their high aspect ratio of  more than 1000 [Tolinski 2009].   

   The chemical formula of MMT is (Na1/3(Al5/3Mg1/3)Si4O10(OH)2. It consists of one 

octahedral layer in between the tetrahedral layers. The tetrahedral sheets are composed of 

tetrahedrons in which a silicon atom is surrounded by four oxygen atoms. The tetrahedrons 

are arranged in a hexagonal pattern and form a two dimensional sheet, while octahedral sheets 

are built of octahedrons, in which an aluminum atom is surrounded by oxygen atoms [Rosoff  

2002]. These octahedral and tetrahedral layers form one clay sheet with thickness of about 

0.96 nm and width of more than 200 nm bonded together by Van der Waals forces. The gaps 

between layers are called gallery. When some atoms in the crystal structure are replaced with 
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other atoms with different valence, such as Al3+replaced by Mg2+, this leads to negative 

charges. These charges are balanced by the cations like Na+ and K+ ions inside the galleries. 

Thereby the attraction forces become relatively weak and the polymer chains can be 

intercalated in between the clay layers [Alexandre and Dubois 2000]. 

 

Figure 2.2 Schematic representation of 2:1 layered silicate [Ray and Okamoto 2003]. 

   There are three general types of layered silicate nanocomposites as shown in Figure 2.3, 

aggregated, intercalated and exfoliated nanocomposites. Aggregated nanocomposites are 

formed, when there is a weak interaction between the layered silicate and the polymer matrix. 

Hence, clay layers have a micron-size scale and the properties of the system are similar to the 

properties of traditional microcomposites. Intercalated nanocomposites are formed, when a 

few of the polymers chains are able to diffuse in the clay interlayer space. Finally, when all 

the layers are uniformly dispersed as individual layers at a nanoscale in the polymer matrix, 

then the system is called exfoliated nanocomposite. In fact, significant improvements in 

properties are obtained when the clay is intercalated or exfoliated in the matrix because in this 

case, the platelets of the clay are separated and the polymer interacts with the platelet surfaces 

and provides a very large interfacial interaction area [Hussain et al. 2006].  

 

 



Chapter II Background and literature survey 

8 

 

 

Figure 2.3 Schematic representation the three types of the layered silicate in the polymer 

matrix [Abdul Azeez et al. 2013]. 

   Polymer-clay nanocomposites are of great interest due to their significant enhancement of 

mechanical [Okada and Usuki 1995, Hasegawa et al. 2000, Mouloud et al. 2012, Ashurov et 

al. 2012, Nazari et al. 2012],  thermal [Qin et al. 2013], flame retardant [Gilman et al. 1997] 

and barrier properties [Arunvisut et al. 2007, Choudalakis and Gotsis 2009] compared to 

conventional polymeric. Polymer-clay nanocomposites are already used in many applications 

to enhance existing properties of a particular material, such as in packaging or storage tank 

applications in which the nano dispersed clay layers reduce the permeability of the polymer 

matrix as well as in the automobile, electronic, coating and aerospace industries. 

(3) Three dimensional (3D) nanofillers or nanoparticles. Nanoparticles are not a new type of 

nanofillers and have been available for more than one century. When all the three dimensions 

of the particles are in the nanometer scale (<100 nm), inorganic fillers have the form of 

spherical particles. These nanoparticles offer advantages over one dimensional and two 

dimensional nanoparticles because of their smaller size. Examples of nanoparticles are carbon 

black and silica which are used as important components in different applications for example 

in rubber industries as catalysts and water treatments. Alumina nanoparticles are used as inert 

fillers in polymers and as catalysts in some reactions. Polyhedral oligomeric silsesquioxanes 

(POSS) have also nanometric size in three dimensions like nanoparticles and have many 

applications, which will be discussed later [Ajayan et al. 2003, Cuppoletti 2011].  
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 2.2.2 Nanocomposites preparation methods  

   Many methods have been described for the preparation of polymer nanocomposites, the 

most important ones are in-situ polymerization, sol-gel methods, melt blending and solvent 

method. With in-situ polymerization, the filler is directly dispersed in an appropriate liquid 

monomer, during the polymerization stage. This method is a relatively simple method to 

prepare nanocomposites and is suitable for thermoplastic and thermosetting polymers. In the 

sol-gel method, metal alkoxides M(OR)n such as tetraethoxysilane (TEOS) undergo catalyzed 

hydrolysis under mild conditions through the reaction with water or alcohol or acid to form 

metal hydroxide and alcohol. For example, the polymerization reaction of TEOS followed by 

a hydrolysis reaction forms an amorphous polymer with a three dimensional network structure 

of silica: 

Si (OC2H5)4 + H2O → (OC2H5)3Si-OH + C2H5OH 

≡Si-OH + HO-Si≡ → ≡Si-O-Si≡ + H2O 

≡Si-OH+ (OC2H5)2Si- → ≡ Si-O-Si≡ + C2H5OH 

   The melt blending method is considered as an economical and fast method compared with 

other methods. Nanocomposites can be prepared through direct intercalation of a polymer that 

is heated above its glass transition temperature by using an extruder, brabender, injection 

molder, or other processing machine. Extrusion is considered as a very fast method, the 

blending time takes just a few minutes, and therefore a high throughput is possible with 

relatively simple equipment. Furthermore, no solvents are needed during processing. 

However, many processing variables affect the final composite properties, such as design of 

the screw, screw length, length of different zones, melt temperature and residence time. In the 

solution method, nanofillers are added to a polymer solution using solvents such as water, 

toluene, chloroform or other organic solvents to fuse the polymer and the nanofiller. Since the 

use of solvents is not environmentally friendly, therefore melt compounding and in-situ 

polymerization are the most widely used methods in nanocomposite production [Nelson 

2010].  
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2.2.3 Rheology of nanocomposites  

   As predicated by Einstein and Batchelor, the addition of particles with a volume fraction ϕ 

to a liquid with viscosity ηs produces an increase in viscosity η,  

η = ηs+2.5ϕ+6.2ϕ2                                                                                                 (2.1) 

This has been found also for polymer melts and solutions, as the loading of filler increases the 

melt viscosity rapidly, which may lead to limit processability. Recently, a number of 

researches confirm that the processability of polymers can be enhanced by using the 

nanofillers.  

   Mackay et al. (2003) demonstrated a decrease in the complex viscosity of blends of organic 

nanoparticles produced by intermolecular crosslinking of single polystyrene chains and linear 

polystyrene. The radius of the nanoparticles was about 3-5 nm whereas the radius of gyration 

(Rg) of the linear polystyrene was between 7.5 and 15 nm. The authors suggest that the 

decrease in viscosity be related to the free volume introduced by the organic nanoparticles.  

   A decrease in the viscosity with increasing nanofiller contents up to 3%  is observed  in 

nanocomposites of  polycarbonate (PC)/multiwalled carbon nanotube (MWCNT) prepared by 

using a precipitation method. Such a behavior is explained by an increase in polymer chain 

mobility and more free volume obtained in the nanocomposites samples [Jin et al. 2008]. 

Similar results were reported for nanocomposites of polyamide 6 (PA6) with pristine 

multiwalled carbon nanotubes (p-MWNTs) prepared via melt blending method by Li et al. 

(2010), showing that the viscosities of PA6 decreases at low p-MWNTs content, while with 

higher loading the apparent viscosity increases. The authors reported that this behavior is due 

to the stiffening effect of MWNTs and the physical crosslinks between PA6 chains caused by 

a large amount of MWNTs.  

   Also, Nevalainen et al. (2008) prepared blends of polyamide particles coated with titanium 

dioxide films and polyamide nanocomposites. The rheological results show a decrease in the 

complex viscosity upon adding the nanofiller. It was suggested that the nanofiller behaves as 

lubricating or plasticizing agent, which leads to a reduction the viscosity of polyamide. 

   The rheological properties of polypropylene (PP) with modified Ca2+-montmorillonite 

(MMT) prepared via melt blending method was studied by Zhu et al. (2013) by using three 

types of modifiers. The results show that the shear viscosity and both the loss and the storage 
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modulus of PP decrease with the addition of modified MMT due to the plasticization effect of 

the modifiers.  

   Moreover, several researchers found that POSS nanoparticles can also be used to decrease 

the viscosity of the resins. For examples, Kopesky et al. (2004) studied the thermomechanical 

properties of polymethyl methacrylate (PMMA) blends with either tethered or untethered 

POSS. The zero shear viscosity curves show that the viscosity decreases with increasing 

nanofiller contents up to 5 vol. %. Also, from the master curves of the rheology analysis it 

was found that the storage and loss moduli of PMMA/isobutyl POSS samples are lower than 

that of the net polymer. The authors claim that the lack of reinforcement at low nanofiller 

content indicates the nanodispersion of the POSS molecules in the matrix.    

   Also Jones et al. (2010) reported the properties of polyphenylsulfone with two types of 

polyhedral oligomeric silsesquioxane (POSS): dodecaphenyl POSS and trisilanolphenyl 

POSS. It was seen that there is a reduction in the torque during processing with increasing 

POSS loading. They suggested it to be related to POSS melt transitions at which both types 

were in the liquid state during the extrusion of the material from 375 to 400°C. The capillary 

rheometry data indicated that the apparent viscosity decreases with small addition of POSS. 

Furthermore, Bhadu et al. (2010) studied the rheological behavior of trimethylene 

terephthalate (PTT)/trisilanolphenyl POSS (Tsp POSS) nanocomposite prepared via melt 

blending method. They found a decrease in the torque during the extrusion of the 

nanocomposites compared with the net polymer as well as decrease in the shear viscosity at 

low POSS concentration due to the lubrication effect of POSS. However, at high POSS 

contents the reduction in the shear viscosity decreases. The Tsp POSS nanoparticles improve 

the pseudoplasticity of the polymer matrix and increase the shear thinning behavior due to the 

better distribution of the nanofiller. They also showed that the net polymer and the 

nanocomposites obey the power law relationship, and the power low index (n) decreases with 

increasing Tsp POSS contents. 

   Recently, Dintcheva et al. (2012) investigated the structure-properties relationships of 

Polystyrene (PS)/POSS nanocomposites by using closed and open cage POSS types carrying 

different organic groups. They found that the rheological properties of the nanocomposites 

depend on the type of the POSS organic group and the inorganic framework. The complex 

viscosity and the storage and loss moduli of all nanocomposites samples were smaller than for 

the PS sample but the reduction of the complex viscosity for the nanocomposites with an open 

cage was larger than with closed cage. Compared with the closed inorganic cage, the 
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inorganic open cage is more flexible, which leads an enhanced reduction of the frictional 

effect between the polymer chains. Moreover, the short pendent organic groups increase the 

mobility of the POSS molecules and decrease the polymer chain entanglements. 

2.3 Polyhedral Oligomeric Silsesquioxane (POSS)  

   It is believed that nanofillers provide reinforcing efficiency because of their high aspect 

ratios, but there are many other variables which must be taken into account in the study of 

these materials, such as the level of nanofiller dispersion into the polymer matrix and physical 

or chemical interactions between nanofiller and polymer. Actually, the increase in interfacial 

area makes the dispersion of nanofillers more difficult, since the tendency to agglomerate will 

be greater due to the larger contact surfaces. Agglomeration is considered to be a common 

problem of polymer nanocomposites especially when high nanoparticle, concentrations are 

required. However, in order to get good property profile it is important that the nanofillers be 

uniformly dispersed rather than agglomerated. Most often nanoclays, carbon nanotubes, and 

nanosilica have been the favorite fillers. In recent years, a new type of material has been 

considered as very promising in combining the good properties of ceramics and the 

compatibility with the organic group. Polyhedral oligomeric silsesquioxane (POSS) is a 

unique class of three dimensional nanoparticles with a hybrid organic-inorganic structure; it is 

the subject of intense scientific and commercial interest due to its ability to provide 

enhancement of properties when incorporated into a polymer matrix. By choosing the suitable 

type of POSS coupled with a particular polymer, it should be possible to get dispersion on the 

nanometer to micron scale, which is intermediate between molecular scale solubility and 

complete phase separation.  

2.3.1 Chemical structure of POSS 

   Polyhedral oligomeric silsesquioxanes (POSS) are a special class of nanosized cage-type 

structures which consists of a Si-O-Si inorganic cage surrounded by an organic corona, 

represented by R substituents. The chemical composition of POSS is (RSiO1.5)n, which is 

intermediate between silica (SiO2) and silicones (R2SiO). n is an integer number from 6 to 12. 

POSS chemistry is very versatile, and it is possible to attach different kinds of functional or 

nonfunctional organic groups. R can be hydrogen or any alkyl, alkylene, aryl, arylene, or 

organofunctional derivative of alkyl, alkylene, aryl, or arylene group. Their name is derived 
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from sil-oxane (silicon and oxygen), the non-integer (one and one-half or sesqui) ratio 

between oxygen and silicon atoms, and the organic substituent.  It has the potential to provide 

enhanced properties, when it is incorporated into a polymer matrix because of its small size 

and rigid inorganic core. The diameter of POSS nanocages is between 1 and 3 nm, depending 

on the composition of the molecules, which is nearly equivalent in size to most polymer 

segments and coils. Polyhedral oligomeric silsesquioxane chemicals release no volatile 

organic components, so they are odorless and environmentally friendly. In 1915 Meads and 

Kipping reported that the condensation products of siliconic acids are mixtures of 

silsesquioxanes (trihydroxides RSi(OH)3), then in 1946 Scott synthesized the first POSS 

closed-cage (CH3SiO1.5)n, later  in 1965 an open-cage POSS was characterized by Brown and 

Vogt. POSS usually is produced by hydrolytic-condensation reactions of trifunctional 

monomers RSiX3, where X is a highly reactive substituent, such as halide or alkoxide. The 

first step of preparation is the hydrolysis of the monomers with water to produce 

organopolysilanol compounds, and the second step is the condensation reaction at which these 

compounds condense with each other to form structures ranging from lower oligosiloxane 

dimers or tetramers to polyhedral oligomeric silsesquioxanes (Figure 2.4). 

    Many critical experimental factors affect the final structure of POSS, such as monomer 

concentration, synthesis temperature, pH, the solubility of the product, the amount of free 

water available, and the type of catalyst (acid or base) used to facilitate condensation [Dvornic 

and Owen 2009, Hanssen et al. 2004].   
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Figure 2.4 Generalized synthesis scheme for siloxanes and silsesquioxane 

type compounds [Hanssen et al. 2004]. 

   A number of valuable reviews have been published to describe the synthesis methods of 

POSS. For example, Voronkov and Lavrentyev (1982) reported on the synthetic methods and 

mechanisms of the formation of polyhedral oligosilsesquioxanes and their homo derivatives, 

Li et al. (2001) briefly describe the synthesis of POSS macromers (monomers) and reported 

on the synthesis and properties of homopolymers and copolymers of monomers containing 

inorganic–organic hybrid polyhedrals. Also, Wei Kuo and Chih Chang (2011) reported on the 
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syntheses of polyhedral oligomeric silsesquioxane (T8-POSS) compounds, and the preparation 

methods of multifunctional and monofunctional monomers.  

2.3.2 Classification of polyhedral oligomeric silsesquioxane (POSS)  

   The properties of POSS largely depend on the type of the organic part. A variety of organic 

substituents yield possibilities to control dispersion and tune compatibility in a wide range of 

polymer systems. Depending on the reactive functionality of the organic group, POSS can be 

classified in two categories:   

(1) Non-reactive POSS, where all the organic groups are nonreactive. R can be inert organic 

groups used to enhance miscibility with polymeric host materials, for example R can be a 

cyclohexyl, cyclopentyl, phenyl or a methyl. In this case, the POSS molecules are 

mechanically dispersed in the organic matrix without covalent bonding. 

(2) Reactive POSS at which the molecules contain one (mono-functional) or more (poly- 

functional) organic reactive groups such as a vinyl, methacrylate, epoxy, nitriles, amines, 

alcohols and so on. Thus, POSS may be easily incorporated into common plastics. In the case 

of mono-functional POSS, the molecules are covalently linked in the polymer chain backbone 

as a pendent group. In the case of poly-functional POSS, the POSS molecules are linked as 

nanofillers or as monomers which polymerize with the original organic monomer creating a 

cross-linked nanocomposites or form centers of a hyperbranched structure or a star with the 

polymer chains, when they are used as microinitiators to initiate the polymerization. Figure 

2.5 represents the macromolecular structures of POSS-polymer systems as a function of POSS 

functionalities for cubic silsesquioxane with formula of (RSiO1.5)8 [Li et al 2001, Wang et al. 

2011].  

 
. 
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Figure 2.5 The main types of  POSS-polymer systems as a function of POSS functionalities 

[Wei Kuoa and Chih Chang 2011]. 

   Furthermore, polyhedral oligomeric silsesquioxanes can be classified according to the 

molecular architecture, at which the number of RSiO1.5 units determines the shape of the 

frame. It can be classified as random, ladder, cage and partial cage structures. Figure 2.6 

represents some possible POSS molecular architectures, which are commonly illustrated as 

T8, T10 and T12, based on the number of silicon atoms [Wei Kuoa and Chih Chang 2011]. 
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Figure 2.6 Some possible POSS molecular architectures [Wei Kuoa and Chih Chang 2011]. 

2.4 POSS nanocomposites 

   Polyhedral oligomeric silsesquioxane (POSS) has been used in the last decade for 

preparation of polymeric nanocomposites. Actually, POSS molecule differs from other types 

of nanofillers, and the advantages gained from using POSS comes from its hybrid organic-

inorganic nature, whose inorganic core potentially provides molecular reinforcement, while 

its variety of functionalization schemes provide compatibility with the matrix and 

processability. POSS molecules can be dispersed in the polymer matrix at the level of 
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individual molecules. Moreover, in contrast to other nanofillers such as organoclay or carbon 

nanotube the shape of the POSS molecules is isotropic [Zheng et al. 2004]. 

   From a general point of view, the presence of POSS can lead to dramatic improvements in 

the polymer thermal properties such as increasing the oxidation resistance flammability and 

heat evaluation in combustion as well as reduction in the viscosity during processing. 

Furthermore, incorporation of POSS molecules is responsible for improving the polymer glass 

transition temperature, the dielectrical properties, surface hardening and mechanical 

properties. The studies show quite clearly that composite properties depend strongly on 

processing method. The incorporation of POSS molecules into a polymer matrix can proceed 

by physical melt blending, copolymerization or grafting methods [Fina et al. 2010]. 

 2.4.1 Incorporation of POSS into polymer matrices by physical blending 

   The properties of POSS composites prepared by physical blending depend greatly on the 

compatibility of POSS functional groups with the polymer matrices or polymer-to-POSS 

interaction. The good compatibility can be obtained by interactions such as Van der Waals 

forces and hydrogen bonding between the POSS molecules and the polymer. These 

interactions can lead to have uniform distribution of POSS particles in the matrix, which helps 

to improve the properties of the polymer. In contrast, the incompatibility between the POSS 

functional groups and the polymer matrix can lead to phase separation by formation of two 

phases, a polymer rich phase and a POSS rich phase. This may cause a decrease in the desired 

properties [Ayandele et al. 2012]. 

2.4.1.1 PE / POSS nanocomposites 

   Polyolefins are a major type of thermoplastic used throughout the world. They can be 

divided into two main types, polyethylene and polypropylene, which are subdivided into 

several grades. Polyethylene (PE) is a consumer polymer, which comes in a variety of forms, 

including polymer films, polymer containers, pipes, toys and others. PE has valuable 

properties in addition to its low cost, such as the ease of recycling, good processability, non-

toxicity, and good chemical resistance. Significant efforts have been done to improve its 

properties by using different types of fillers including POSS. In recent years, polyhedral 

oligomeric silsesquioxanes (POSS), reactive or non-reactive, have been incorporated into 

polyethylene by using different methods. Only few research reports on the PE/POSS 

nanocomposites by using the melt blending method have been reported. The following survey 
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describes the recent studies on the incorporation of POSS into polyethylene via melt blending 

method; the studies have focused on the morphological, thermal, rheological and mechanical 

properties of PE/POSS nanocomosites.  

   A system of high-density polyethylene (HDPE)/octamethyl POSS was prepared by the melt 

mixing route by Joshi et al. (2006). They investigated the rheology and the viscoelastic 

behavior of POSS nanocomposites. According to their results, POSS particles act as a 

lubricant at lower concentrations of 0.25 and 0.5% and decrease the viscosity of the polymer. 

This effect has assumed to be related assumed to be related to the fine distribution of POSS 

molecules in the polymer matrix and to the formation of an interaction between HDPE chains 

and POSS molecules (weak Van der Waals forces), which lead to decrease of the polymer 

chain entanglements. At higher concentrations of >2 %, POSS starts aggregating and hinders 

the chain mobility and thereby increases the viscosity. Moreover, the rheological  results 

showed that above 5% of POSS a solid like behavior (gelation) at low shear rate is observed, 

while at low POSS contents of 0.25 and 0.5% a significant improvement in storage modulus 

compared with the pure polymer is obtained. The X-ray diffraction results demonstrate that 

the incorporation of up to 5% POSS particles do not affect the crystallinity of the HDPE. It is 

suggested that POSS is dispersed in the amorphous phase of the polymer matrix, whereas the 

crystallinity decreases with further increase of POSS content to 10%. The same authors 

studied the isothermal crystallization of HDPE-octamethyl POSS [Joshi et al. 2007]. They 

observed that the POSS molecules are dispersed at nanolevel up to 1% in the matrix and act as 

nucleating agent, while by increasing the POSS content, the molecules start to agglomerate 

forming POSS crystals. The authors claim also that only when POSS is dispersed at the 

molecular level, it acts as a nucleating agent and affects the crystallization mechanism.  

     Hato et al. (2008) studied the thermal and thermomechanical properties of linear low 

density polyethylene (LLDPE) with three different amounts of octamethyl POSS, 5, 7.5 and 

10%. These  nanocomposite were prepared by the melt mixing method using a batchmixer. 

The results showed that POSS was distributed homogeneously in micrometric scale in 

LLDPE, which led to improve the elastic storage modulus at higher POSS concentrations 

because of the formation of three-dimensional network-like structures. Moreover, the DSC 

results showed a decrease in the crystallinity of LLDPE, due to POSS aggregation which 

hinders the local lamellar crystallization and decreases the crystallinity. As far as the 

rheological properties are concerned, the same authors [Hato et al. 2011] addressed the melt-

state viscoelastic properties of LLDPE filled with various octamethyl POSS loading. 
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Frequency sweep tests showed no significant improvement in the storage and loss modulus in 

the presence of octamethyl POSS particles. Also the nanocomposites showed the 

characteristic behavior of liquid-like materials at which both moduli change with frequency. It 

was suggested that this behavior is related to the weak interaction between the LLDPE matrix 

and POSS particles, could also be due to the lubrication effect of the filler on the polymer 

matrix in the molten state. However, the complex viscosity of the nanocomposites is almost 

the same in all POSS loadings, which is also related to the absence of the interaction between 

octamethyl POSS particles and LLDPE matrix.  

     Melt blending of high density polyethylene (HDPE) in polyhedral oligomeric 

silsesquioxane (POSS) functionalized by low concentrations (up to 2%) of octamethyl, 

octaisobutyl and octaphenyl group was studied by Lim et al. (2010). It was found that there is 

no big difference between the solubility parameters of POSS nanofillers and HDPE, and the 

difference is much smaller for octaisobutyl than for the other types of POSS. From this the 

authors assumed that there is better interaction between HDPE and octaisobutyl POSS. The 

SEM results showed that no POSS aggregates on the sample surface containing 1% of 

octaisobutyl POSS. They investigated also the mechanical properties of the prepared samples; 

the mechanical properties of HDPE/Oib POSS samples were better than for the other types of 

POSS, the tensile strength and the elongation at break of HDPE were improved in the 

presence of 0.5% of Oib POSS by 92% and 36%, respectively, compared with pure polymer, 

but then decreased with further increase of POSS content to 2%.  

   The thermal and morphological properties of the melt mixed blends of high density 

polyethylene/ethylene-vinyl acetate copolymer with octaisobutyl POSS were addressed by 

Scapini et al. (2010). Octaisobutyl POSS showed a different behavior depending on the 

loading amount in. It was found that at low concentration of 1% the POSS nano-disperse in 

the polymer matrix with average dimensions of 150 nm, while  aggregations were observed at 

higher concentrations of 5%, which indicates the solubility limit of POSS of  around 1%. On 

other hand, the presence of EVA promotes the aggregation of POSS.  

   Moreover, melt-mixed blends of polyethylene with octa-(ethyloctadeca-10,13 dienoamide) 

silsesquioxane were recently reported by Nguyen et al. (2012). These blends were applied to 

paper-board by compression coating. The results showed micron-sized (10-20 µm) dispersion 

with addition of 1-40% of POSS, and furthermore, increasing the amount of nanocages caused 

continuous decrease in the melt flow index. This indicates an increase in the melt viscosity of 

the sample prepared. The mechanical properties of nanocomposites reduced with increasing 
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POSS content. This behavior is attributed to the presence of micron-sized POSS aggregates, 

which behave as weakening points. 

 

2.4.1.2 PP / POSS nanocomposites 

  Because of its excellent cost/performance balance, versatile properties, good processability 

and low density, polypropylene is widely used in many applications, both in films and for 

rigid items such as closures, tubs, crates, battery cases, bottles, etc. However, more than 50% 

of all manufactured polymer resins need to be filled with inorganic fillers to get the desired 

properties. Polypropylene is filled with different fillers such as calcium carbonate, clay, 

carbon black and polyhedral oligomeric silsesquioxane (POSS). It also is often filled with stiff 

fibers to enhance its limited mechanical properties. As in the case of hybrid materials, 

polypropylene is incorporated with different POSS particles via chemical incorporation or 

physical blending .A number of interesting articles related to the preparation of PP/POSS 

hybrid materials by melt blending has been published over the past decades to improve its 

properties and to understand the structure-property relationships. The effect of POSS carrying 

different alkylic R substituent’s on the morphological and thermal properties of PP by using 

the melt blending method was studied by Fina et al. (2005). The results showed differences in 

the morphological properties of nanocomposites by increasing the alkyl chain lengths, which 

depends strongly on the chemical compatibility with the polymeric matrix. Micro aggregates 

(10-20 µm) of octamethyl POSS appeared in the matrix at lower loadings (3 and 5%), while 

no POSS aggregates in the PP/octaisobutyl POSS nanocomposites and regular crystals, with 

average dimensions of about 500 nm are formed. In the case of isooctyl POSS, no 

improvement on dispersion was observed. Also, Pracella et al. (2006) investigated the melt 

crystallization behavior in isothermal and non-isothermal conditions for the same PP/POSS 

nanocomposites with different alkylic R substituents and varying amounts of filler. They 

found that the length of the alkyl groups affects the nucleation activity of POSS, which affects 

the filler dispersion in the PP matrix. The results showed low compatibility between PP and 

octamethyl POSS, at which octamethyl POSS behaves as a nucleating agent on all loading 

amounts, but in contrast, octaisooctyl POSS retards  the crystallization kinetics due to the fine 

dispersion of this filler in the matrix. In the case of octaisobutyl POSS, two different 

behaviors appear, which depend on the filler content in the matrix: A low loading (3%) the 

nano dispersion of the filler hinders the PP crystals growth and by increasing the filler 
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contents to 10% it acts as nucleating agent. A further study on these nanocomposites was 

performed by Baldi et al. (2007). The results showed that the mechanical properties of the 

POSS nanocomposites are affected by the length of the POSS alkyl chains. The reinforcing 

action was observed with POSS particles carrying short alkyl chains such as octamethyl 

POSS, while a reduction was observed in the mechanical properties with a decrease in 

Young’s modulus and the mechanical strength obtained in the presence of long alkyl chain 

like octaisobutyl and isooctyl POSS. However, the authors suggested that POSS behaves like 

particles with hard inorganic siliceous core surrounded by the organic hydrocarbons soft shell. 

Therefore, the thick soft-shell limits the transfer of the stress from the polymer to the siliceous 

hard core, in contrast to the systems with thin soft-shell like PP/octamethyl, where POSS 

helps to share the load and behaved like reinforcing filler.  

   Furthermore, Zhou and coworkers (2009) prepared polypropylene (PP)/octaaminophenyl 

(Oap POSS) nanocomposites using maleic anhydride grafted PP (MAPP) as compatibilizer.  

Their PP/POSS nanocomposites exhibited improvement in the compatibility by addition of 

maleic anhydride grafted PP. The size of POSS agglomerates was reduced from sub micron 

size in the nanocomposites prepared without compatibilizer to nanometric size in the systems 

with compatibilizer. This enhancement in the dispersion is attributed to the presence of the 

interaction between the amine group of Oap POSS and the carbonyl groups of maleic 

anhydride of MAPP. The DSC and the optical polarizing microscope results showed that the 

crystallization temperature of PP/Oap POSS decreases with increasing POSS content, while it 

is increased for PP/MAPP/OapPOSS nanocomposites. It was also found that the degree of 

crystallinity of PP decreases in the presence of Oap POSS. It is assumed that the polymer 

chain mobility is retarded by Oap POSS, while Oap POSS has a nucleating effect with the 

addition of MAPP. Moreover, it was observed that the melting temperature increases 

compared with that of the corresponding PP and PP/Oap POSS. The rheology results showed 

that the complex viscosity for the PP/MAPP/Oap POSS nanocomposites is lower than that of 

the PP/Oap POSS nanocomposites with the same Oap POSS content, and this might be due to 

the weak POSS-POSS interaction and interface slipping. 

   Sorbitol type nucleating agent Dibenzylidene Sorbitol (DBS) was used by Lee (2009) to 

enhance dispersion of non-reactive types of POSS such as octaisobutyl POSS (Oib POSS) and 

trisilanolphenyl POSS (Tsp POSS) nanoparticles in polypropylene. The author reports that the 

melting points of Oib POSS and Tsp POSS are 267-273°C and over 350°C, respectively. The 

thermal analysis of Tsp POSS by means of FTIR showed that the characteristic hydrogen 
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bonded O-H peak of Tsp POSS disappears during heating the particles to 240°C for 10 min. 

The author suggested that the Tsp POSS molecules undergo condensation reactions, when 

they are heated to a high temperature (Figure 2.7). Also the author reported that the heat 

release data obtained from DSC for Tsp POSS showed an exothermic peak between 210°C 

and 230°C, indicating Si-OH condensation reaction of Tsp POSS molecules, while no 

exothermic heat is produced in the 2
nd 

 scan, when the particles are heated from 160 to 240°C, 

suggesting the completion of the condensation reactions during the first heating period. The 

condensation reactions of Tsp POSS were also confirmed by TGA analysis. The weight loss 

of the particles started at approximately 210°C due to the loss of water resulting from the 

condensation reaction between two Tsp POSS molecules. In the case of Oib POSS, the DSC 

results showed no exothermic heat in the 1
st 

heating scan due to the absence of the hydroxyl 

groups in the Oib POSS molecules structure (Figure 2.8). Moreover, the results indicate that 

Tsp POSS is incompatible with PP, but forms hydrogen bonding with DBS. This interaction 

enhances the distribution of Tsp POSS nanoparticles by formation of nanoparticles with 

diameter of 25-200 nm in the PP matrix. However, Oib POSS was compatible with PP, but 

did not interact with the nucleating agents.  

 
Figure 2.7 FTIR spectra of trisilanolphenyl POSS (Tsp POSS) during heating to maximum 

temperature of 240°C for 10 min [Lee 2009]. 
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Figure 2.8 DSC curves for trisilanolphenyl POSS (Tsp POSS) and octaisobutyl POSS (Oib 

POSS) [Lee 2009]. 
    
   Recently, other authors extended the investigations into the nature of interactions between 

three types of silanol POSS and di (benzylidene) sorbitol (DBS), and the influence of these 

interactions in the prepared PP/POSS/DBS nanocomposites [Roy et al 2011]. It was found 

that silanol POSS molecules form hydrogen bonds with DBS molecules resulting in complex 

molecular adducts. These complexes are amorphous at room temperature, but turn to liquid at 

temperatures higher than the melting temperature of PP with viscosity lower than the pure PP 

melt by 3 orders of magnitude. They suggested also that the structure of Tsp POSS changes to 

an amorphous structure when condensation reactions occur. Furthermore, the intramolecular 

condensation reactions appear in single trisilanolphenyl POSS molecule and not between two 

molecules of POSS, which leads to covalently bonded Tsp POSS molecules. 

   Fina et al. (2010) used melt blending to investigate the effects of three different organic 

groups (methyl, vinyl and phenyl) in the POSS structure on the mechanical properties, 

thermal stability and combustion properties of PP/POSS nanocomposites. They found that the 

addition of vinyl POSS leads to maximum increase in Young’s modulus, yield stress and 

elongation at break due to the fine distribution of POSS in the matrix as well as the chemical 

interaction between polypropylene chains and the POSS organic groups. Moreover 

incorporation of 5% methyl POSS results in a 15% reduction in the Young’s modulus and 

yield strength values compared with the pure polymer, while the elongation at break remains 

unaffected. The reduction in mechanical properties is related to the aggregation of methyl 

POSS molecules, which acts as weakening point in the polymer matrix. In the case of phenyl 
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POSS, the results showed that POSS forms aggregation in micron size at 5% POSS loading 

and decreases the mechanical properties with increasing POSS content.  

2.4.2 Applications of POSS nanocomposites  

   Incorporation of POSS into polymers has produced significant improvements in thermal and 

mechanical properties, oxidation resistance, reduction in viscosity during extrusion as well as 

reduction in the flammability through simple melt blending or copolymerization methods. 

   Indeed, POSS-based materials are found in many different areas, including thermoplastics, 

thermosets, biomaterials, membranes, coatings, dielectric materials, plasticizers, surface 

modifiers, packaging materials, ceramics, catalyst support, as well as dielectric materials. 

Unfortunately, despite the good properties obtained from incorporation of POSS into 

polymers and its suitability for commercial applications, the high cost of POSS leads to 

limited use of these materials. For examples, incorporation of POSS with polyfluorenes leads 

to increase the luminescence intensity of the host matrix, and it is considered as a good 

material for optoelectronic applications. Polymethyl silsesquioxane is used in cosmetics. 

Poly(carbonate-urea)urethane/POSS nanocomposites is used in cardiovascular bypass grafts 

and microvascular components of artificial capillary beds. Excellent O2 barrier properties can 

be obtained from the films of Octaaminophenylsilsesquioxane with a variety of epoxies, 

which make them ideal for electronics packaging and encapsulation applications. Moreover, 

POSS nanostructures also have a significant promise for use in the highly oxidizing 

environment of orbiting space vehicles [Gnanasekaran et al. 2009, Wu et al. 2009, Ayandele 

et al. 2012]. 
 
2.5  Boehmite  

   Bauxite is primarily a metallic mineral. It is the only ore used for large scale aluminum 

production. Bauxite is actually not a distinct mineral species, but a generic term for a number 

of corundum (Al2O3), gibbsite (Al(OH)3) and boehmite. Boehmite is aluminium oxide 

hydroxide, (AlOOH); its name is derived from the German chemist J. Böhm. It is a white 

powder when it is pure, non-toxic and a relatively inexpensive material. It crystallizes in the 

orthorhombic system, and the type with low crystallinity traditionally has been named as 

pseudoboehmite. It consists of double layers of oxygen octahedra partially filled with Al 

cations (Figure 2.9). Boehmite fillers can be produced with different morphologies and sizes, 
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and are easily prepared by different methods such as dehydration of gibbsite (Al(OH)3) or 

from solutions of aluminum salts by precipitation method. DISPERAL and DISPAL are the 

trade names for the high purity, highly dispersible, boehmite particles manufactured by Sasol. 

The production process of Sasol is based on the hydrolysis of aluminum alcoholates. 

Boehmite is industrially important, used in the manufacture of refectories, cements, ceramics, 

chemical fillers, and in the preparation of catalysts and coatings [Karamalidis and Dzombak 

2010, Bowles et al. 2011, Vatanpoura et al. 2012]. 

 
Figure 2.9 Structure of Boehmite nanoparticles [Vatanpoure et al. 2012] 

 

2.5.1 Boehmite composites 

   Due to the higher elastic modulus, hardness as well as high compressive strengths, ceramics 

are often added to polymers to enhance their mechanical properties. Both modified and non-

modified alumina can be dispersed in polar or non polar polymers by using the common 

compounding equipment like the twin screw extruder or by mixing the particles with 

monomer using the agitators. However, modification of boehmite surface particles with 

organic groups enhances the compatibility with different types of polymer with low and high 

polarity. Consequently, many investigations into boehmite composites are now being 

undertaken. It has been shown that the properties of the composites prepared are strongly 

dependent on the dispersion of the filler within the host polymer [Torno 2006]. A review of 

the results obtained by melt blending of boehmite in polyolefins is illustrated in this section; 

focus is given to the dispersion level obtained and the correlation between the boehmite 

particle dispersion and the thermal, morphological, mechanical, and rheological properties of 

the composites. 
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   Melt blending of DISPERAL boehmite with different crystallite sizes of 10-60 nm in 

isotactic polypropylene was reported by Streller et al. (2008). Nanometer-scaled crystallite 

agglomerates were achieved without using dispersing aids. From the tensile test results, the 

polypropylene stiffness enhances with increase in boehmite content while the elongation at 

break decreases. In the case of impact test results, the IZOD impact strength is influenced by 

the boehmite crystallite size. The nanocomposites with high boehmite crystallite size showed 

increase in the impact strength. Furthermore the DSC results showed that the crystallization 

temperature increases by 14°C for the nanocomposites containing 10% DISPERAL 40 

compared with the unfilled polymer. 

   Tensile properties of BA/LDPE composites were studied by Brostow et al. (2009). The 

composites were prepared by melt mixing with BA loading ranging from 1 to 20%. To 

prevent the agglomeration of BA, the particle surface was modified by using two silane 

coupling agents, 3-(trimethoxysilyl)-propylmethacrylate and vinyltri(2-methoxyethoxy)-

silane. It was found that the Young’s modulus of composites is 2 times higher than the values 

of pure polymer. Furthermore, the strain at break increases with addition of BA up to 5%, but 

decreases with further increasing the BA loading. The author suggested that this enhancement 

in mechanical properties be related to the homogeneous distribution of the filler in the host 

polymer. The rheological properties of the same system have been studied by Blaszczak et al. 

(2010); the results showed that due to the good adhesion between the LDPE matrix and BA, 

the viscosity decreases. The author reported that, since LDPE is a highly branched polymer 

whose chains would tend to get entangled, apparently even poorly bonded plain unmodified 

boehmite particles fill in the spaces between chain branches, provide some rigidity, and 

enable easier flow. 

   Khumalo et al. (2010) investigated the thermal and rheological properties of 

nanocomposites of boehmite (BA) in low density polyethylene (LDPE) and high density 

polyethylene (HDPE), respectively, produced by melt blending method using two grades of 

synthetic boehmite alumina  of different nominal particle sizes of 40 and 60 nm. The results 

showed that the BA disperses in nanometric scale in the polyethylene matrix without any 

surface treatment or using a compatibilizer. The DSC results showed that the BA acts as a 

weak nucleating agent. On the other hand the rheological measurements demonstrated that the 

complex viscosity remains by unchanged with incorporation of BA in the polyethylene 

matrix. The authors claimed that this behavior is due to the weak interactions between the 

filler and the host polymer. The same authors extended the investigation of this system by 
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observing the mechanical properties: BA acts as reinforcement filler in LDPE more than in 

HDPE matrix, Young’s modulus improves and is influenced by the BA types, indicating that 

this behavior is due to the lower crystallinity of LDPE with respect to HDPE. Moreover, it 

was shown that incorporation of BA improves the ductility of HDPE, while there is no such 

effect with LDPE [Khumalo et al. 2010].     

    Bravet and coworkers (2010) investigated the effects of different surface modifier types in 

the boehmite structure on the morphological characterization, thermal stability and 

mechanical properties of melt blended PP/BA composites, by fixing the amount of filler to 

6%. They found that using surface modifiers with long alkyl chains enhances the dispersion of 

the BA nanoparticles, and the thermal stability of the nanocomposites depends on the degree 

of dispersion of the nanoboehmite. In the case of mechanical properties, the nanocomposites 

without surface modifiers or with short alkyl chain surface modifiers showed higher modulus 

and lower ultimate elongation, indicating good nanofiller-polymer interactions. 

2.6 Polymer rheology    

   The expression “Rheology” was first coined by Professor Bingham of Lafayette College, 

Indiana, which means the study of deformation and flow of matter. This definition was 

accepted in 1929, when the American Society of Rheology was established.  

   Polymeric materials are different from other materials such as metals or ceramics in that 

they consist of very long chain-like macromolecules. This causes complexity in the 

rheological behavior in the molten state. Under processing conditions and during 

performance, polymeric materials are subjected to different forms of stress and they undergo 

flow and other deformations. Polymer rheology strongly depends on the nature of the polymer 

and polymeric materials have their own rheological characteristics. Many different grades of 

commercial polymers are on the market and may have varying process characterizations, even 

if they have the same base polymer such as polyethylene. Hence, a study of polymer rheology 

is significant and very much relevant for understanding and determining melt processability 

of polymers as well as the physical properties of the end products [Barnes et al. 1989, Han 

2007].  

   There are two general physical laws used to describe the relationship between shear stress 

and deformation or rate of deformation. The first law is Hooke's Law, which describes the 

rheological behavior of the elastic solid such as metals. It is states that the applied elastic 

shear stress τ, is proportional to the strain γ, and the proportionality constant is the shear 
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modulus G. When the shear stress-shear strain is plotted in a diagram, an ideal elastic 

behavior is represented by a straight line with a constant slope of magnitude G,  

                                                                                                                   (2.2) 

   The elastic behavior is represented by a spring. When a constant load is applied to the 

spring it deforms, and after releasing the load, the spring instantaneously returns to its initial 

position (Figure 2.10). 

 

 

Figure 2.10 Spring model for ideal elastic behavior  

   On the other hand, Newton's law applies to a viscous fluid such as low molecular weight 

liquids and solutions, e.g. water, solvents, silicon oils and blood plasma, where the shear 

stress τ is proportional to the strain rate  

                                                                                                             (2.3) 

   The fluid viscosity η is a material constant and does not depend on the rate of deformation. 

Viscous behavior is represented by a dashpot piston immersed in oil inside a cylinder. When a 

constant load is applied, the piston moves continuously, and after releasing the load, the 

piston position remains constant and no recovery takes place (Figure 2.11). 

 

 

Figure 2.11 The dashpot model for ideal viscous behaviour 

   For Newtonian fluids the viscosity depends primarily upon temperature and hydrostatic. 

This means that a plot of τ versus  at a given temperature is a straight line with a constant 
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slope that is independent of  , whereas materials such as the high molecular weight liquids, 

which include polymer melts and solutions of polymers, as well as liquids, in which fine 

particles are suspended (slurries and pastes), are considered as non Newtonian fluids. These 

materials do not obey the Newtonian relationship between the τ and . In this case, the slope 

of the τ versus  curve will not be constant as  is changed. For non Newtonian fluids such as 

the polymer melts, when η decreases with increasing shear rate, this behavior is called (shear-

thinning behavior). It is also called pseudoplastic behavior. This behavior arises from the 

orientation and disentanglement of the entangled polymer chains when the applied   is higher 

than critical value. In the opposite case, when the viscosity increases as the fluid is subjected 

to a higher , this behavior is called shear-thickening behavior. Shear-thinning behavior is 

more common than shear-thickening. The shear thinning behavior is frequently expressed by 

the power-law model. This equation was formulated by Ostwald and Waele and is given by 

                                                                                                               (2.4) 

where n is the slope and K is the intercept of log τ versus log  [ Han 2007, Mezger 2011] 

2.6.1 Viscoelasticity 

  The rheological properties of POSS and BA nanocomposites are studied using linear 

viscoelastic theories. The above mentioned equations, Hooke's and Newton's laws, are used 

for limiting cases of material response. Indeed, the polymeric melt properties lie somewhere 

between the elastic solids and the viscous fluids. In very short processing times, the polymer 

material can behave as a solid, whereas at long processing times, the material can behave as a 

fluid; this dual nature (fluid-solid) is called viscoelastic behavior. The viscoelastic behavior 

can be analyzed by creep, stress relaxation or by oscillatory tests, and when small 

deformations or slow deformation rates are applied to the polymer melt, then the deformation 

is said to be in the linear viscoelastic range. The response of viscoelastic fluids to applied 

stress or strain can be modeled by using both spring and dashpot analogies. More elaborate 

models depend on using these basic units connected in different ways. A single-element 

Maxwell, is the simplest form of a viscoelastic model. It consists of spring and a dashpot 

connected in series (Figure 2.12).  
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Figure 2.12 Maxwell model. 

   

To describe the Maxwell behavior during a load cycle, one can divide the total shear rate  

 into one for the spring (  and one for the dash-pot (  and the stress is the same in both 

elements. 

                                                                                                             (2.5) 

                                                                                                        (2.6) 

Expressing equation (2.5) in a differential equation leads to obtain the standard form of the 

Maxwell model:       

                                                                                     (2.7)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

When this element is suddenly deformed to a constant displacement at at time t = 0 , then 

the time dependent relaxation equation can be formulated as follows: 

                                                                                            (2.8) 

Equation (2.8) indicates that the stress will relax exponentially with time, when a Maxwell 

model is held at a constant strain (Figure 2.13), where λ is the relaxation time with λ =  . 

 

 

 

Figure 2.13 Strain (a) and stress relaxation (b) in Maxwell model. 
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   In general, increasing the number of elements leads to more accurate models, which 

describe the response of the viscoelastic materials. The generalized Maxwell model can be 

used to analyze stress relaxation functions. It consists of a number of springs/dashpots 

connected in parallel. Each element represents the behavior of single polymer fraction with 

different parameter values (Figure 2.14). 

 

Figure 2.14 Generalized Maxwell model 

The total stress is then given by the summations of all individual stresses: 

                                                                              (2.9) 

   Amongst the several tests related to analyzing the viscoelastic behavior of polymers melts, 

solutions and, oscillatory test are often most commonly used to characterize the frequency 

dependence of polymers. Dynamic oscillatory shear tests are carried out by putting the sample 

between cone and plate or parallel plates and subjecting the viscoelastic material to a 

sinusoidal deformation and measuring the resulting mechanical response as a function of time. 

For these materials the phase shift angle δ is between the strain and the stress sine curves is  

somewhere between 0° and 90° (Figure 2.15), while for ideal elastic materials δ=0°, and for 

ideal viscous materials δ=90° [Mezger 2011].  
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Figure 2.15 Phase shift angle between the stress and strain sine curves for viscoelastic 

material  

   For controlled strain experiments, the rheometer oscillates to a preset   and monitors 

the time dependent  that arises due to the deformation. The applied sinusoidal strain is 

given as 

                                                                                                         (2.10) 

 is the strain amplitude and ω is the frequency, and the resultant stress can be represented 

by 

  sin (ωt+ δ)                                                                                              (2.11) 

 is the stress amplitude and δ is a phase shift angle.  

  The viscoelastic response is quantified by two dynamic moduli called elastic (storage) 

modulus and viscous (loss) modulus. The elastic modulus G’ measures the ability of the 

material to store energy and represents the elastic behavior of the material, while the viscous 

modulus G’’ measures the ability of the material to dissipate energy represents the viscous 

behavior of the material. Moreover, the ratio of the loss to storage modulus is called the loss 

factor tan δ = G”/G’ with 

                                                                                                     (2.12)                                                                                   

                                                                                                     (2.13)                                                                                                                                         

There is another parameter that is frequently used to present the test results. This is the 

complex viscosity η*, which is defined as: 
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                                                                                                    (2.14)                                                                                   

η’ is the real and η’’ is the imaginary part of η*. The real and imaginary parts of η* can be 

represented in terms of sine and cosine functions as follows [Mezger 2011]: 

                                                                (2.15) 
          (2.16)
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Chapter 3  

Materials and experimental 

 
3.1 Materials  
   The information about the types and common useful properties of the polymers and the 

fillers used in this study is summarized here.  

3.1.1 Polymers  

   For this study, polypropylene and two types of polyethylene; linear low density 
polyethylene (LLDPE) and low density polyethylene (LDPE) were obtained in the form of 
pellets kindly supplied by Sabic, Exxon Mobil, and LyondellBasell, respectively. The 
polymers properties are presented in (Table 3.1). 

Table 3.1 The information of polyolefins used (supplier s data). 

Raw 
Materials 

Chemical 
Name 

Trade 
Name 

Density 
(g/cm3) 

Melting 
temperature 

(°C) 

Melt Index 
(gm/10min) 

LLDPE 
Linear low 

density 
polyethylene 

LLDPE 
1201 0.925 123 0.7  

(190C°/2.16 kg)  

LDPE Low density 
polyethylene 

LDPE 
3020 D 0.928 114 - 

PP Polypropylene  PP 
579S 0.905 159 

47  
(230°C /2.16 kg) 

 
 
3.1.2 Polyhedral oligomeric silsesquioxane (POSS) 

   Two different types of POSS were chosen as a nanofillers for this study, octaisobutyl POSS 

(Oib POSS) and trisilanolphenyl POSS (Tsp POSS). The selection of POSS molecules was 

based on the structure and nature of the POSS cages; the Oib POSS nanoparticle can be 

represented as a closed cage siloxane structure surrounded by eight isobutyl groups, and the 

Tsp POSS has an incompletely condensed cage with a phenyl group on seven of the corners 

of the cage and the remaining corner is open. This open corner contains three pendant 

hydroxyl groups. The chemical structures of Oib POSS and Tsp POSS are presented in Figure 
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3.1. These materials were provided by Hybrid Plastics Inc., and they are available as white 

powders at room temperature. The characteristics of these materials are listed in Table 3.2. 

Table 3.2 The information of used polyhedral oligomeric silsesquioxane (POSS)    

nanoparticles. 

Raw 
Materials 

Chemical 
Name 

Trade 
Name 

MW* 
(g/mol) 

Sp.gr** 
(g/cm3) 

Melting 
temperature* 

(°C) 

Decompostion 
temperature* 

(°C)  

Oib POSS 
Octaisobutyl 

POSS 
C32H72O12Si8 

MS0825 873.60 1.07 267-273 _ 

Tsp POSS 
Trisilanolphenyl 

POSS 
C42H38O12Si7 

SO1458 931.34 1.08 _ >500 

*Manufacturer data, **Experimental data 
    

 

 
 

Figure 3.1 Structure of (a) octaisobutyl and (b) trisilanolphenyl POSS. 
 

   The specific gravity of POSS particles is calculated according to the following equation:  

Sp .gr =[(W2-W1)ρf] / [(W4-W1)-(W3-W2)]                                                              (3.1) 

ρf is the density of the fluid; in our experimental work we used the methanol. W1 is the weight 

of the empty pycnometer, W2 is the weight of pycnometer with POSS particles, W3 is the 

weight of the pycnometer with POSS particles and methanol, and W4 is the weight of 

pycnometer filled with methanol [Misra et al. 2009].  
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3.1.3 Boehmite (BA) 

   The AlO(OH) nanofillers used in this study are commercial products manufactured by 

Sasol, Germany, under the trade names Disperal® 40 and Disperal® 80. Their crystallite sizes 

are 43 and 74.4 nm respectively. Sasol, with several years of experience, developed these 

products not only resulting in high dispersibility, but also with significantly lower levels of 

common impurities such as iron, sodium, and silica. Their characteristics are listed in Table 

3.3. 

Table 3.3 The information of boehmites used. 

Property Disperal® 40 
(BA40) 

Disperal® 80 
(BA80) 

Al2O3 – content (%) 81.9 83.4 

Surface area (m2/g) 101 88 

Loose bulk density (g/cm3) 0.53 0.38 

Crystallite size (nm) 43 74.4 

Particle size < 25 μm (%) 22.5 48.6 

Particle size < 45 μm (%) 50.5 80.7 

Particle size < 90 μm (%) 97.3 100 
 

3.2 Preparation methods of the nanocomposites 

   In this study, the melt blending process is used to prepare the POSS and BA 

nanocomposites where, in the first part of our work, PE/POSS nanocomposites are prepared 

by using brabender to find out the suitable processing temperature to get good distribution of 

POSS in the matrices. Then, in the second part of the work, the selected temperatures were 

used to prepare PE/POSS as well as PP/POSS nanocomposites by using a single screw 

extruder to find the correlations between POSS distribution and the properties obtained. In the 

case of BA nanocomposites, a single screw extruder is used to evaluate their characterization. 
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3.2.1 Preparation method of PE/POSS nanocomposites by using    

brabender 

   Pure polymers of LLDPE and LDPE and nanocomposites of LLDPE/POSS as well as 

LDPE/POSS were prepared by using an internal mixer, brabender plasti-corder made in 

Germany (Figure 3.2). A brabender is usually used for uniform mixing of small amounts in 

the laboratory. The heart of brabender is a mixing chamber, whose volume is approximately 

40 cm3 for the mixing chamber used. Mixing or shearing of the material in the mixing 

chamber is made by two horizontal rotors turned in a counter-rotating fashion. Before mixing, 

all materials were dried in an oven at 80°C for 24 h. About 35 g of the components for each 

experiment were placed inside the mixing chamber and blended for about 14 min, or for some 

samples for 10 min, at an angular speed of 80 rpm and at different mixing temperatures of 

175, 200 and 270°C for Oib POSS samples, and 175, 220 and 250°C for Tsp POSS samples.  

 
Figure 3.2 Plasti-corder brabender. 

3.2.2 Preparation method of PE/POSS and PP/POSS nanocomposites by 

using single screw extruder 

   LLDPE/POSS, LDPE/POSS and PP/POSS nanocomposites were prepared by melt blending 

in a Collin single screw extruder made in Germany (Figure 3.3), with  L/D 20:1, and with 

screw speed of 80 rpm, and with three levels of POSS content, namely 0 , 2 and 5 % (weight 

percent). Both Oib POSS and Tsp POSS were dried at 85°C for 24 h before processing, and 

the polymers were used as received. At each filler content level, 1000 g batch was prepared. 

As evident by POSS thermal analysis, Oib POSS nanoparticles partially melted at ~ 270°C, 
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while Tsp POSS turned to a liquid at ~ 220°C. On the basis of these results as well as the 

results of nanocomposites produced by brabender, LLDPE/Oib POSS, LDPE/Oib POSS and 

PP/Oib POSS nanocomposites were prepared at 270°C. In the case of LLDPE/Tsp POSS, 

LDPE/Tsp POSS and PP/Tsp POSS nanocomposites, the polymers and Tsp POSS were 

mixed at 220°C. The temperatures of feed zone, compression zone, metering zone and die for 

the nanocomposites samples prepared are reported in Table 3.4. The extrudate, after passing 

through a cooling bath, was fed onto a conveyor belt and was pelletized to a length of 0.4 mm 

by a pelletizer machine (Scheer GmbH Germany) such that it could be easily compressed and 

injection molded. 

 

 

Figure 3.3 Collin single screw extruder. 

Table 3.4 Zone temperatures of extruder for different nanocomposite types. 

 
    Temperatures 

(°C)   

Nanocomposites 
type 

Feed 
zone 

Compression 
 zone 

Metering 
zone 

Die 
zone 

Oib POSS  
nanocomposites   270 270 270 200 

Tsp POSS  
nanocomposites  220 220 220 200 

  

 

 



Chapter III Materials and experimental 

40 

 

3.2.3 Preparation method of PE/BA nanocomposites by using single       

screw extruder 

   LLDPE/BA and LDPE/BA nanocomposites were prepared by mixing 0, 2, and 5% of BA in 

matrix in a Collin single screw extruder with L/D 20:1 at a screw speed of 80 rpm. Operating 

temperatures of extruder were maintained at 175°C from hopper to die. The two types of BA, 

Disperal® 40 and Disperal® 80, were pre-dried for 24 h at 85°C in an oven. Single strands of 

the PE nanocomposites were solidified by a water bath, and pelletized for further 

characterization.   

3.3 Compression molding  

   Sheets of about 1 mm thickness of pure LLDPE and LDPE as well as their nanocomposites 

were produced by compression molding using a Schwabenthan Polystat 300s compression 

press machine (Figure 3.4). The temperature agreed with that of the compounding, and the 

pressure was set at 2 MPa. After 5 or for some samples 2 min holding time, the sheets were 

cooled and demolded. In the case of the pure PP granules and other granules of PP/POSS 

nanocomposites, they were compression molded at 185°C for 5 min with 2 MPa pressure to 

get ~ 0.7 mm thick sheets to carry out rheological tests, as well as FTIR and DSC analysis. 

 

Figure 3.4 The compression press. 

3.4 Injection molding 

   Injection molding was carried out by BOY 30A injection molding machine (Figure 3.5) to 

prepare dumbbell-shaped samples to be used for tensile (ISO-527) test, flexural (ISO-178) 

test, and SEM analysis. All the parameters of injection molding are summarized in Table 3.5. 

All the nanocomposites were prepared according to these parameters. 
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Figure 3.5 The injection molding machine. 

 

Table 3.5 Injection molding parameters for all samples 

Parameters LLDPE 
nanocomposites 

LDPE 
nanocomposites 

PP 
nanocomposites 

Temperatures (°C) 
zone 1 200 200 200 

zone 2 215 215 215 

zone 3 215 215 215 

Nozzle  220 220 220 

Mold temperature 
(°C) 

60 60 60 

Injection speed  
(%) 

50 50 35 

Injection pressure  
(bar) 

105 60 40 

Back Pressure  
(bar) 

90 55 45 

Back Pressure  
time (s) 

15 12 12 

Cooling Time  
(s) 

15 15 45 

 

3.5 Characterization methods 

   The Differential Scanning Calorimetry (DSC) is commonly used to characterize the thermal 

properties of the compounds. In this study the melting (Tm) and the decomposition 

temperatures (Td) of the POSS powders as well as the crystallinity changes of the polymers 
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were investigated. The molecular structures of the POSS powders and the nanocomposites 

were determined using Fourier Transform Infrared Spectroscopy (FTIR) techniques. The 

rheological measurements such as viscosity, elasticity and processability of the samples were 

studied using a rheometer and a melt indexer. The dispersion state of the fillers in the matrices 

was studied by using Scanning Electron Microscopy (SEM). Finally, the mechanical 

characterizations were investigated by using both tensile and flexural testes; details of each of 

methods are listed below. 

3.5.1 Differential Scanning Calorimeter (DSC)  

   Differential scanning calorimeter is an important tool in polymer science and engineering. 

The setup of the DSC instrument is relatively simple, in which the difference in the amount of 

heat needed to increase the temperature of a sample and reference is recorded as a function of 

temperature (Figure 3.6). 

   DSC analyses were carried out on Oib POSS and Tsp POSS powders in order to determine 

their thermal stability, and to get information about their melt and decomposition temperatures. 

The measurements were made from 25Cº to different temperatures at a heating rate of 

10ºC/min by using a Mettler Toledo 822 instrument under nitrogen flow with 5-7 mg sample 

following four successive runs (heating-cooling-heating-cooling). The measurements were 

performed with the pure polymers and nanocomposite samples taken from the compression 

molded sheets, to establish evidence of possible relationships between the degree of 

crystallinity of the matrix and the mechanical behavior of the nanocomposites. The tests were 

carried out from 0°C to 300°C for POSS nanofillers and their nanocomposites, and from 0°C 

to 200°C for BA nanocomposites. The results from the second heating and second cooling are 

reported. 

   The degree of crystallinity of the nanocomposites was evaluated through the following 

relationship:  

 XC =  (ΔHm/ΔH°m) .100                   (3.2) 

Xc is the degree of crystallinity, ΔHm  is the enthalpy of fusion of the polymer or the 

nanocomposite and ΔH°m is the enthalpy of fusion of 100% crystalline polymer. In the 

present calculations it is assumed that ΔH°m  is 293 J/g for PE and 207.1 J/g for PP [Reiter 

and Strobl 2007, Luan et al. 2010].  
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Figure 3.6 Schematic representation of DSC equipment. 

 
3.5.2 Optical microscopy  
 

   Optical microscopes are widely used for polymer analysis due to their relatively low costs 

and ease of use. Leitz Wetzlar microscope (Figure 3.7) equipped with digital color video 

camera was used at magnifications of 20x to investigate the thermal behavior as well as the 

melting temperatures of both POSS types. The samples were prepared by putting POSS 

particles on a glass plate and heating them from 25°C to different temperatures in air at a 

heating rate of 10Cº/min, kept at these temperatures for 10 min, and then cooled down to 25Cº 

at 10Cº/min.  

 
 

Figure 3.7 Leitz Wetzlar microscope. 
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3.5.3 Fourier transform infrared (FTIR)  

   FTIR is a method to record the infrared absorption spectrum of the compound. Different 

types of materials such as gases, liquids, solids, powders, polymers, pure substance and 

mixture can have their infrared spectra measured. The spectrum is a plot of the percentage of 

infrared radiation that passes through the sample (% transmission) vs. the wavelength of the 

radiation. Infrared spectroscopy can result in a positive identification (qualitative analysis) of 

every kind of material, while the peak intensities identify the amount of specific molecules in 

the material. 

   The chemical structures of the nanocomposites as well as that of the reference materials 

were analyzed using a Thermo Electron Nicolet 380 at room temperature. FTIR spectra were 

recorded in the wave number range between 400 and 4000 cm-1. 

3.5.4 Rheological characterization 

   The viscoelastic behavior of the polymers and nanocomposites were studied by using a 

Dynamic Shear Rheometer (DSR). A rheometer MCR301 made by Anton Paar (Figure 3.8)  

with a 25 mm parallel plate setup and with a gap of about 1 mm was used to obtain 

rheological properties such as the storage modulus (G’), loss modulus (G’’) and complex 

viscosity (η*) of compounds. The sample was placed on the bottom plate, compressed to 

about 1mm, and then the excess of the material around the plates was removed. Thereafter, 

the upper plate was set to the exact gap of 1mm. The bottom plate is stationary, while the 

upper plate moves at a given angular frequency. Time sweep test was carried out to examine 

the thermal stability of the polymers used (LLDPE, LDPE and PP). The specimen were 

prepared by compression molding of pure PE and PP at 175 and 185°C, respectively, for 5 

min at 2 MPa pressure to get ~ 1mm thick sheet. Measurements were carried out under 

nitrogen atmosphere at different temperatures with constant strain (1%) and frequency (1 

rad/s) up to 3000 s. 

   Frequency sweep test was carried out in oscillatory shear within the linear viscoelastic 

region with a constant strain of 1% and a frequency range of 0.1 rad/s-100 rad/s under 

nitrogen atmosphere at 175°C to obtain storage modulus (G’), loss modulus (G’’), loss 

tangent (tanδ), and complex viscosity (η*). 

   To ensure that the measurements are performed in the linear viscoelastic regime, amplitude 

sweep tests were carried out with shear strains from 0.1 to 100 at a fixed angular frequency of 
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1 rad/s at 160°C. Strain amplitude of 1% was found to be within the linear-viscoelastic regime 

and was used for all shear measurements. 

 

 
 

Figure 3.8 Anton Paar MCR301 rheometer. 

 

3.5.5 Melt Flow Index (MFI)  

   The melt flow index was determined according to ISO 1133:2005 by Meltfixer (SWO 

Polymertechnik GmbH) (Figure 3.9), by extruding molten material from the barrel of a 

plastometer with nozzle diameter 2.095 ± 0.005 mm. For LLDPE, LDPE and their 

nanocomposites the measurement was made as follows: first, the instrument was maintained 

at 190°C for at least 10 min before charging, and then about 4 gm of the material was charged 

to the barrel. The piston was inserted into the barrel, and after 5 min the test weight of 10 Kg 

was added on top of the piston; and when the lower reference mark was reached the top edge 

of the cylinder, the measurement was started and the cut-off time-interval was controlled so 

that the amount of material collected was between 10 and 20 mm in length. Thereafter, when 

the upper reference mark reached the top edge of the cylinder, the measurement was stopped. 

Optimally, ten or more extrudate pieces were collected during each test and weighed on an 

analytical balance. 

    For pure PP and its nanocomposites the measurement was made at 230°C for Oib POSS 

samples and 190°C for Tsp POSS samples and 2.16 kg load. The pelletized extrudate samples 

of about 6.0 g weights were placed inside the cylinder, and then after waiting for 5 min, a 
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weight of 2.16 kg was placed on the piston. The piston was allowed to descend under gravity 

until a bubble free filament was extruded. The extruded part was cut off by scissors and 

discarded. When the lower reference mark had reached the top edge of the cylinder, the timer 

was started and simultaneously the extrudate was cut off with the scissors. When the upper 

reference mark reached the top edge of the cylinder, the timer stopped and simultaneously the 

extruded was cut off by the scissors. The cut off extrudate between two reference marks of 

piston was collected and weighed. The time to descend between two reference marks of piston 

and corresponding weight of the extrudate was noted for each sample. The test was repeated 

seven times following same procedure for all samples as mentioned above. 

 

 
 

Figure 3.9 The melt flow index instrument. 

3.5.6 Scanning Electron Microscopy (SEM)  

   Scanning electron microscope (SEM) provides description and characterization of 

heterogeneous organic and inorganic materials. It is an instrument that scans a sample surface 

with a finely converged electron beam in vacuum. The imaging signals of greatest interest are 

the secondary and backscattered electrons. 

   To show the aggregation phenomenon of dispersed nanocomposites, SEM images and Si 

mapping of the nanocomposite samples were carried out using a Hitachi, S-2700 scanning 

electron microscope (Figure 3.10a) equipped with an energy-dispersive X-ray detector for the 

LLDPE and LDPE nanocomposites, and by using a LEO/982 scanning electron microscope 

(Figure 3.10b) equipped with an energy dispersion analysis of X-ray EDAX, AMETEK-

APOLLO XPP, for the PP nanocomposites. The SEM results were taken at an operating voltage 
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of 20 kV. The required samples for this test were cut from the compression molded sheet for 

the samples prepared by using brabender, whereas for the nanocomposites prepared by using 

the single screw extruder, the samples were cut from the injection molded specimens at room 

temperature. However, before analysis, cryogenic fracture surfaces were coated with a thin 

gold layer to make their surfaces more conductive and therefore less susceptible to the 

accumulation of surface charge, and with carbon to obtain the Si mapping. 

                                    

(a)    (b) 

Figure 3.10 The scanning electron microscopes (SEM) (a) Hitachi, S-2700 and  

(b) LEO/982. 

3.5.7 Mechanical tests   

3.5.7.1 Tensile test 
   Tensile measurements were carried out using a Zwick 1446 (Zwick GmbH, Germany) 

(Figure 3.11) testing machine with a load cell capacity of 10 kN at a cross-head speed of 250 

and 50 mm/min for PEs and PP nanocomposites samples respectively (ISO 527-1 A) at 23°C 

room temperature with relative humidity 50%. The gauge length is that length which is under 

study or observation when the experiment on the specimen is performed. The specimen is 

placed in the machine between the grips. Once the machine was started, it began to apply an 

increasing load on specimen. Throughout the tests, the control system and its associated 

software recorded the elastic modulus, tensile stress, elongation % at yield, stress at break and 

elongation at break of the specimen. Seven specimens were measured for each sample type. 
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Figure 3.11 Tensile testing machine. 

 

3.5.7.2 Flexural properties 

   Flexural measurements (ISO 178) were carried out by three point bending method with 

cross-head speed at 10 mm/min and to a deflection of maximum 6 mm by Instron 1121 

(Figure 3.12) at 23°C room temperature and 50% relative humidity. The test specimen of 

standard dimension was placed on two supports (span length 64 mm) and was deflected by 

means of loading edge acting on the specimen midway between the supports. During this 

procedure, the force was applied to the specimen and the resulting deflection of the specimen 

was measured and flexural stress, flexural strain and flexural modulus were calculated. At 

least 5 specimens were measured for each sample type. 

Flexural stress is calculated by the following equation: 

  

                                                                                                         (3.3) 

  is the flexural stress parameter, F is the applied force in Newton, L is the length of the span 

b and h are the width and thickness of the specimen in mm respectively . 

The flexural strain was calculated by using the following equation: 

                                                                                                               (3.4) 
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  is the flexural strain parameter as dimensionless ratio, s is the deflection of the specimen in 

mm respectively.   

To calculate the flexural modulus ), the following equation was used: 

                                                                                   (3.5)                                                           

where: 

is the flexural stress in MPa, measured at deflection s1. 

 the flexural stress in MPa, measured at deflection s2. 

The deflections s1and s2were calculated corresponding to the flexural strain = 0.0005 and 

= 0.0025 respectively. 

 

 
Figure 3.12 Three point bending machine. 
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3.6 Layout of experiments and characterizations 

   Total experimental and characterizations layout for the nanocomposites prepared by using 

brabender is shown in Figure 3.13. 

 

 

Figure 3.13 Layout of total experiments for the nanocomposites prepared by using 

brabender. 
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   In the case of the nanocompsites prepared by using the extruder the total experimental and 

characterizations layout is shown in Figure 3.14. 

 

 

Figure 3.14 Layout of total experiments for the nanocomposites prepared by using the 

extruder.
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Chapter 4  

         Results and discussion of Polyolefin/POSS nanocomposites  
 

4.1 Thermal analysis of Polyhedral Oligomeric Silsesquioxane (POSS) 

    In this study, Oib POSS and Tsp POSS nanoparticles were used as nanofillers to produce 

polyolefin/POSS nanocomposites. To investigate their melt and decomposition temperatures, 

thermal analyses were done at different temperatures. 

4.1.1 Thermal analysis of Oib POSS 

4.1.1.1 Optical microscope analysis  

   In this work the optical microscope was used to determine the behavior of Oib POSS 

powder upon heating and to investigate its melt temperature. The measurements were made at 

a temperature starting from 25°C to different temperatures: 230, 250, 270 and 300°C. 

   The results in Figures 4.1- 4.5 show that with heating the Oib POSS powder to 230ºC or to 

250ºC for 10 min, no significant change in the particles appears, but with increasing the 

temperature to 270ºC, some parts of the sample turn into liquid, and the other parts remain in 

solid state. The same behavior has been seen with increasing the heating temperature to 

300ºC. Also, when increasing the temperature to 300ºC, the color of the sample changes to 

dark yellow. 
   

       

(a)                       (b) 
 

Figure 4.1 (a) Oib POSS powder at 25°C (b) Oib POSS particles at 230°C for 10 min. 
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                                         (a)                                                     (b) 

Figure 4.2 (a) Oib POSS powder at 25°C (b) Oib POSS particles at 250°C for 10 min. 

   

      
                                           (a)                                                    (b) 

Figure 4.3 (a) Oib POSS powder at 25°C (b) Oib POSS particles at 270°C for 10 min. 
                                                    

  

     
  

                                          (a)                                                       (b) 

Figure 4.4 (a) Oib POSS powder at 25°C (b) Oib POSS particles at 300°C for 10 min. 
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Figure 4.5 Heating treatment of Oib POSS from 25°C to different temperatures for 10 min. 
 

4.1.1.2 FTIR analysis  

  The aforementioned samples were examined by using FTIR. The spectra of Oib POSS at 

different temperature are shown in Figure 4.6. The FTIR spectra of Oib POSS at room 

temperature show characteristic absorbencies at 465 cm-1 as well as a narrow band at 1079 

cm-1, attributed to a rocking vibration and stretching vibration of Si-O-Si bonds, respectively. 

The absorption at 1228 cm-1 is due to Si-C symmetric vibration, and the bands in the region of 

2870-2952 cm-1 are assigned to CH2 stretching vibrations [Liu 1993 and Misra et al. 2009]. 

From this figure it is also clearly seen that with the heating the Oib POSS particles in air for 

10 min to high temperatures, the signal of C-H as well as the signal of Si-C bonds decreases 

compared with that of the Oib POSS without heating treatment. This means that some part of 

the Oib POSS organic components has been decomposed, but in any case they exist even at 

high temperature, e.g. 300°C. Fina et al. (2005) showed that the IR spectra of the Oib POSS 

heated to 200°C for 120 min in air show a partial loss of the Oib POSS organic fraction and 

form a silica-like structure. The authors claim also that this process should be accompanied by 

thermal oxidation of the isobutyl substituents. Moreover, the results show that increasing the 

heating temperatures from 25 to 300°C leads to shifting the Si-O-Si peak from 1079 cm-1 to 

1025 cm-1, which may be related to the change in the structure of Oib POSS molecules.   
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Figure 4.6 FTIR spectra of Oib POSS at different temperatures for 10 min heating time in air. 

 
4.1.1.3 DSC analysis  

   To fully understand the thermal behavior of Oib POSS upon heating, the DSC 

measurements were carried out at a temperature starting from 25°C to different temperatures 

at a heating rate of 10°C/min under nitrogen atmosphere.  

   The results of DSC measurements made in the first and second heating and cooling of Oib 

POSS powder are presented in Figures 4.7-4.10. As can be seen in these figures, there is a 

small endothermic peak in all curves at about 57.63°C. This peak is related to the 

rearrangement of the Oib POSS organic fraction within the crystal, which causes a crystal-

crystal transition. Kopesky et al. (2004) claimed that the behavior of Oib POSS is similar to 
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the crystal-crystal behavior inside mainchain liquid crystalline polyacetylenes. The 

differences between the 1st and 2nd heating peaks are related to the difference in the 

temperature history of the sample. No second peak occurred on heating the sample from 25 to 

230 or to 250°C. When increasing the heating temperature from 25 to 270°C, a new 

endothermic peak started to appear between 265 and 270°C at the 1st heating cycle, and an 

exothermic peak occurred at the 1st cooling cycle at 245°C. However, the 2nd heating and 

cooling cycle are completely different from the 1st heating and cooling. This behavior proved 

that there is a change in the chemical structure occurring in the sample, when a temperature of 

270°C is reached. A strong endothermic peak at about 268°C in the 1st heating cycle appeared 

with heating the sample from 25 to 300°C, but no exothermic peak occurred in the 1st cooling, 

and with re-heating the sample, the endothermic peak disappeared. This indicates that the 

structure of Oib POSS is changed due to the loss of some part of the organic components and 

the formation of an amorphous structure. 

   The above findings support our results from optical micrographs and FTIR. However, one 

should note that the FTIR test was done in air, while the DSC test was done under nitrogen 

atmosphere. The FTIR results show that the structural changes start already at temperatures 

equal and above 230°C. This difference may be related to the oxidation reaction of the 

isobutyl substituents in air. Hence, from our results we can confirm that the endothermic peak 

at 268°C is not a melting point of Oib POSS as reported by the producer (Hybrid Plastics Inc.) 

and several researches  such as Lee (2009), Kopesky et al. (2004) and  Li et al. (2010). 

 

      

Figure 4.7 DSC heating and cooling curves of Oib POSS heated from 25 to 230°C. 
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Figure 4.8 DSC heating and cooling curves of Oib POSS heated from 25 to 250°C. 

 

 

Figure 4.9 DSC heating and cooling curves of Oib POSS heated from 25 to 270°C. 
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  Figure 4.10 DSC heating and cooling curves of Oib POSS heated from 25 to 300°C. 

4.1.2 Thermal analysis of Tsp POSS 

4.1.2.1 Optical microscope analysis  

   To investigate the effect of temperature on the morphological properties of Tsp POSS, Tsp 

POSS powder was heated from 25°C to different temperatures: 200, 220 and 240°C. Figures 

4.11-4.13 show the microscopic images of Tsp POSS before and after heating the sample to 

different temperatures for 10 min. From these figures it can be observed that the Tsp POSS 

powder remains in solid state when heating the sample to 200°C for 10 min. A different result 

is obtained by heating the sample to 220°C. By reaching this temperature, the sample turns 

into a liquid, and with increasing the temperature to 240°C, the particles completely melt as 

also seen in Figure 4.14.  

 

                             

                                     (a)                                              (b) 
 

Figure 4.11 (a) Tsp POSS powder at 25°C.(b) Tsp POSS particles at 200°C. 
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          (a)                                                     (b) 

Figure 4.12 (a) Tsp POSS powder at 25°C. (b) Tsp POSS particles at 220°C. 

 

                   

          (a)                                                   (b) 

Figure 4.13 (a) Tsp POSS powder at 25°C. (b) Tsp POSS particles at 240°C. 

 

 
 

Figure 4.14 Heat treatment of Tsp POSS from 25ºC to200, 220 and 240ºC. 
 
 

4.1.2.2 FTIR analysis  

   FTIR spectra of Tsp POSS samples which were heated from 25ºC to different temperatures  

(200, 220, 240, 260 and 300°C) for 10 min were analyzed in order to examine the structure of 

Tsp POSS powder after heat treatment. FTIR spectra results are shown in Figure 4.15a. The 
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Tsp POSS spectrum shows a band at 1078 cm-1, a shoulder band at 1134 cm-1, and a band at 

494 cm-1 indicating the Si-O-Si stretching vibrations. The broad band at 3200 cm-1 and the 

strong peak at 887 cm-1 indicate the Si-OH stretching and bending, respectively, whereas the 

bands around 3072-3000 cm-1 are assigned to C-H bond stretching of ring hydrogen, and the  

peak at 1430 cm-1 corresponds to phenyl ring vibration. Peaks at 1027 cm-1, 997 cm-1, and the 

weak band at 694 cm-1are assigned to Si-C6H5 stretching [Song et al. 2008, Misra et al. 2009, 

Spoljaric and Shanks 2012] . 

   From the results it is noted that there is no significant effect on the structure of Tsp POSS 

powder upon heating the sample from 25 to 220°C for 10 min, but by increasing the heating 

temperature to 240°C, a change in the Tsp POSS structure is observed; the Si-OH stretching 

peak (3200 cm-1) disappears. This is attributed to a condensation reaction which occurs 

around 240°C. Lee (2009) reported that the characteristic hydrogen bond O-H peak of Tsp 

POSS disappears by heating the particles to 240°C for 10 min suggesting that the Tsp POSS 

molecules undergo condensation reactions when they are heated to a high temperature. Also 

the author claims that from every two Tsp POSS molecules, 3 water molecules are formed. 

However, Roy et al. (2011) have a different opinion: They suggest that the intermolecular 

condensation reaction appears in the single trisilanol phenyl POSS molecule, and not between 

two molecules of Tsp POSS which leads to covalently bonded Tsp POSS molecules. In any 

case, loss of the OH group leads to the appearance of another peak at about 1050 cm-1. This 

peak is attributed to Si–O–Si network stretching vibrations due to the POSS-POSS 

condensation reaction (see Figure 4.15b). Verker et al. (2009) found that the FTIR spectrum 

of a 15% Tsp POSS/polyamide sample showed a new peak at 1058 cm-1. The authors 

suggested that this peak indicates the presence of a Si–O–Si network caused by POSS-POSS 

condensation reactions as a result of the high curing temperature (350°C). 

   However, heating the Tsp POSS to 300°C led to a shift of the Si-O-Si peak from 1078 cm-1 

to 1091 cm-1, which could result from a change in Tsp POSS structure. As far as the organic 

components of Tsp POSS are concerned, we can confirm from these results that the phenyl 

groups of  Tsp POSS are stable in the temperature range investigated. 
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Figure 4.15 FTIR spectra of Tsp POSS after heating to different temperatures for 10 min in 

air. (a) Characteristic peaks in the range of 4000 to 400 cm-1. (b) The Si-O-Si network peak at 

1050 cm-1. 
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4.1.2.3 DSC analysis  

   One can improve our previous results about the Tsp POSS melting temperature and  POSS-

POSS condensation reactions by using DSC analysis. DSC measurements from 25°C to 200, 

220, 240, 260 and 300°C are reported at a heating rate of 10°C/min under nitrogen 

atmosphere. 

   The DSC heating and cooling curves of Tsp POSS are shown in Figures 4.16-4.20. The 

figures show a clear endothermic transition at about 106°C occurring in all curves, which can 

be assigned to a crystal-crystal transition. Moreover, it is observed that there is no noticeable 

effect on the state of the Tsp POSS powder upon heating the sample from 25 to 200°C. 

Therefore it can be concluded from DSC, FTIR and the optical micrograph results that Tsp 

POSS powder is in the solid state till about 200°C with no change in its structure. A new 

endothermic peak starts to appear at 220°C, when the measurement was made from 25 to 

220°C. This peak indicates a change in the state of the sample. By cooling the sample from 

220 to 25°C, the sample re-crystallizes, and when taking this together with the optical 

microscope images and the FTIR analysis, one can say that at this temperature Tsp POSS 

melts without change in its structure. The same behavior is obtained at the 2nd heating and 

cooling. However, when the measurement was made from 25 to 240°C, a new peak started to 

appear, but no additional peak appears in the 1st cooling cycle or during the 2nd heating and 

cooling. Heating the Tsp POSS powder from 25 to 260°C or to 300°C led to a second 

endothermic peak at 245°C suggesting that this peak be the melting peak of Tsp POSS. At 

this temperature, a network structure is formed as already proved by FTIR analysis, while no 

peaks are observed in the 1st cooling as well as the 2nd heating and cooling. This behavior 

indicates the transition of Tsp POSS to an amorphous structure, and indeed, Roy et al. (2011) 

suggest that the structure of Tsp POSS changes to an amorphous structure, when the 

condensation reaction occurs. 
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Figure 4.16 DSC heating and cooling curves of Tsp POSS heated from 25 to 200°C. 

 

       

Figure 4.17 DSC heating and cooling curves of Tsp POSS heated from 25 to 220°C. 
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Figure 4.18 DSC heating and cooling curves of Tsp POSS heated from 25 to 240°C. 

 

     

Figure 4.19 DSC heating and cooling curves of Tsp POSS heated from 25 to 260°C. 
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Figure 4.20 DSC heating and cooling curves of Tsp POSS heated from 25 to 300°C. 

 
4.2 Thermal stability of polyolefin matrices  

4.2.1 Rheological analysis  

   The time sweep test was used to provide the necessary information about how the material 

changes with time. In the test, the sample is subjected to oscillatory strain, which is within the 

linear-viscoelastic region, and the complex viscosities as well as the storage and loss modulus 

are recorded with time at a constant temperature. In fact, the variation in the moduli response 

is attributed to degradation or change in the properties of the material. 

   The trends of storage modulus with time at different temperatures for the LLDPE, LDPE 

and PP are shown in Figures 4.21, 4.22 and 4.23, respectively. LLDPE samples display a 

relatively constant storage modulus at 175ºC and 220°C for 50 min, whereas an increase in G’ 

is found at higher temperatures. These differences are considered to be out of the range of the 

thermal stability criterion of 5% (see also Table 4.1). LDPE showed a better stability than 

LLDPE with an increase in G’ values of less than 4% at 50 min for all temperatures 

investigated. In the case of PP, the results show that the polymer is stable at 175 and 220°C, 

but when the measurements were made at 270°C, the storage modulus showed some 

fluctuations due to the low values of G’. Hence, from the results we can say that LDPE and 

PP are thermally more stable than LLDPE. Therefore it is expected that degradation occurs 

during processing of LLDPE at higher temperatures (250 and 270°C) by using brabender, 

because the increase in G’ is about 7% after 14 min under nitrogen atmosphere. 
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Table 4.1 The % increase in G’ of the polymers tested under nitrogen atmosphere. 
 

 
   The  increase in 

G’(%)  after 50 min    

Polymer type   175°C                        220°C                        250°C                          270°C                        

LLDPE 0.29 2.92 22.00 20.60 

LDPE 3.46 0.66 0.64 1.54 

PP - 3.46 -  14.40 
 

 

 

 

Figure 4.21 The change of storage modulus of pure LLDPE with time at different 

temperatures.  
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Figure 4.22 The change of storage modulus of pure LDPE with time at different 

temperatures. 

 

 

Figure 4.23 The change of storage modulus of pure PP with time at different temperatures. 

4.2.2 Frequency sweep test 

   The processing of LLDPE and LDPE samples by using brabender was done at different 

temperatures as well as at different residence times. Depending on our time sweep test results, 

processing of LLDPE samples at high temperatures (250 and 270°C) was carried out at 

residence times less than that of processing the polymer at low temperatures (175, 200 and 
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220°C) to minimize the effect of degradation. The plot of log(η*) versus log(ω) resulting from 

the frequency scan measurements at 175°C for neat LLDPE produced by using brabender at 

different processing temperatures is shown in Figure 4.24. It is observed from this figure that 

η* decreases with increasing the processing temperature from 175 to 200°C. This is due to 

higher polymer chain mobility. However, the viscosity increases very slightly with increasing 

the temperature from 200°C to higher temperatures such as 250 and 270°C even when the 

residence time is less than 14 min. On the other hand, processing of LLDPE by using the 

extruder shows that the polymer was stable at an extrusion temperature of 220°C, whereas an 

increase in the complex viscosity was also observed at a temperature of 270°C compared with 

the processing of LLDPE at 175°C (see Figure 4.25). The increase in the melt viscosity can be 

attributed to the thermo-oxidative degradation, which might occur during processing of 

polyethylene at high temperatures leading to the formation of long-chain branching or even 

crosslinks during the extrusion process. 

   In Figure 4.26 log(η*) versus log(ω) is shown for the LDPE prepared by using brabender at 

different processing temperatures and 14 min residence time. As in the case of LLDPE, from 

the results it is found that the complex viscosity increases by increasing the processing 

temperature to 250°C or 270°C. However, when the melt mixing was carried out by using the 

extruder, the results were different: No significant change in the complex viscosity was found 

with increasing the processing temperature from 175 to 270°C (see Figure 4.27). This means 

that the LDPE is stable and there is no thermo-oxidative degradation during extrusion with a 

residence time of  just a few minutes. 

   In the case of PP, the samples were prepared by using the single screw extruder, and the 

effects of processing temperature on the complex viscosity of the polymer was investigated 

also by using the frequency sweep test. Figure 4.28 shows that η* of PP decreases with 

increasing the processing temperature, in contrast to our time sweep test results, from which it 

was expected that PP should be stable without changing in its structure even at a high 

temperature of 270°C. 

   From these results it can be concluded that preparation of PE samples by brabender at high 

temperatures (higher than 175°C) and about 14 min residence time is always accompanied by 

thermo-oxidative degradation, whereas using the single screw extruder for the preparation of 

the LDPE samples, almost no thermo-oxidative degradation occurs. However, the rate of 

degradation depends on many factors such as the temperature, the shear force and the amount 

of dissolved oxygen in the polymer; these factors are responsible for the formation of oxygen 
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functional groups and cross linking as well as causing chain scission in the polymer chain 

[Zweifel 2009].  

     

 
 

Figure 4.24 The change of complex viscosity with angular frequency at 175°C for LLDPE 

samples prepared by brabender at different mixing temperatures and different residence times. 

 

 

 

Figure 4.25 The change of complex viscosity with angular frequency at 175°C for LLDPE 

samples prepared by extruder at different mixing temperatures. 
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Figure 4.26 The change of complex viscosity with angular frequency at 175°C for LDPE 

samples prepared by brabender at different mixing temperatures and different residence times. 

 

 

 

Figure 4.27 The change of complex viscosity with angular frequency at 175°C for LDPE 

samples prepared by extruder at different mixing temperatures. 
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Figure 4.28 The change of complex viscosity with angular frequency at 175°C for PP 

samples prepared by extruder at different mixing temperatures. 

4.2.3 FTIR analysis 

   The results of FTIR analysis of LLDPE and LDPE samples prepared by using brabender 

and the single screw extruder at different mixing temperatures are presented in Figures 4.29-

4.33. These figures show that polyethylene has a characteristic peak at 2914 cm-1, which is 

assigned to CH2 asymmetrical stretching, and a peak at 2847 cm-1 assigned to CH2 

symmetrical stretching. The peaks at 1472 cm-1 and 1462 cm-1 are assigned to CH2 bending in 

crystalline and amorphous regions, respectively. Moreover, the peak at 730 cm -1 corresponds 

to CH2 rocking in the crystalline regions, whereas the peak at 718 cm-1 corresponds to the 

CH2 rocking in amorphous regions [Fu and Lim 2012].  

   In LLDPE and LDPE samples prepared by using brabender there are very weak peaks at 

1718 and 1745 cm-1 in all the samples (see Figures 4.29b and 4.31b), and it is clearly seen that 

the intensity of these peaks depends on the mixing temperature as well as on the mixing time. 

These peaks can be attributed to the formation of carbonyl groups due to oxidative 

degradation [Soares et al. 2006, Dannoux et al. 2008]. However, we can say there are no 

carbonyl groups formed in LLDPE and LDPE samples prepared by using the extruder at the 

different mixing temperatures. Similarly, the FTIR spectra of PP show only the characteristic 

peaks of the polymer, and no other peaks that would indicate the presence of carbonyl groups 

(Figure 4.31). The peaks at 2950 cm-1, 2916 cm-1, 2865 cm-1 and 2837 cm-1 are related to CH3 

asymmetric stretching, CH2 asymmetric stretching, CH3 symmetric stretching and CH2 
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symmetric stretching, respectively, whereas the peaks at 1450 cm-1 and 1375 cm-1 are related 

to CH3 asymmetric and symmetric scissors vibration, respectively [Mishra et al. 2001]. 
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Figure 4.29 FTIR spectra of LLDPE prepared by brabender at different mixing temperatures. 

(a) Characteristic peaks of LLDPE from 4000 to 400 cm-1. (b) Carbonyl group peaks at 1718 

and 1745 cm-1. 
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Figure 4.30 FTIR spectra of LLDPE prepared by extruder at different mixing temperatures. 
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Figure 4.31 FTIR spectra of LDPE prepared by brabender at different mixing temperatures. 

(a) Characteristic peaks of LDPE from 4000 to 400 cm-1. (b) Carbonyl group peaks at 1718 

and 1745 cm-1. 
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Figure 4.32 FTIR spectra of LDPE prepared by extruder at different mixing temperatures. 



Chapter IV Results and discussion of Polyolefin/POSS nanocomposites  

75 

 

                 

4000 3500 3000 2500 2000 1500 1000 500

270°C 

220°C

175°C

 A
bs

or
ba

nc
e (

a.
u.

)

Wave number(cm-1)

 

 

 

 

Figure 4.33 FTIR spectra of PP prepared by extruder at different mixing temperatures.  

 

4.3 Morphological, rheological, thermal and FTIR analysis of PE/POSS 

nanocomposites prepared at different temperatures by brabender  

   To determine the effect of the processing temperature on the properties of the PE/POSS 

nanocomposites, LLDPE/POSS and LDPE/POSS nanocomposites were produced by 

brabender at different mixing temperatures and times, and their characteristic properties were 

investigated. 

4.3.1 PE/Oib POSS nanocomposites  

4.3.1.1 FTIR analysis 

   FTIR analysis of LLDPE/Oib POSS and LDPE/Oib POSS samples was carried out to 

investigate whether Oib POSS forms a chemical interaction with the polymer matrix during 

the compounding process or not. The FTIR spectra of LLDPE/Oib POSS and LDPE/Oib 

POSS nanocomposites produced at different processing temperatures are presented in Figures 

4.34-4.36 and 4.37-4.39, respectively. The spectra show the presence of six bands located at 

2914 cm-1, 2847 cm-1, 1472 cm-1, 1462 cm-1, 730 cm-1, and 718 cm-1, which are the 

characteristic peaks of PE. The bands at 1113 cm-1, 2952 cm-1 and 1228 cm-1 indicate the 

presence of Oib POSS particles in all samples.  The peak at 2952 cm-1 refers to the existence 
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of the organic group of Oib POSS even at high processing temperature, e.g. 270°C, which 

was already confirmed by FTIR measurements of Oib POSS (see Figure 4.6). However, the 

Si-O-Si stretching vibration peak is shifted to a higher value of 1113 cm-1 in the 

nanocomposites samples compared with the pure Oib POSS (1079 cm-1). Accordingly, it can 

be concluded that there is no chemical linkage between LLDPE or LDPE and Oib POSS 

molecules at all processing temperatures. 
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Figure 4.34 FTIR spectra of LLDPE and LLDPE/Oib POSS nanocomposites prepared at 

175ºC mixing temperature and 14 min residence time. 
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Figure 4.35 FTIR spectra of LLDPE and LLDPE/2%Oib POSS nanocomposite prepared at 

200ºC mixing temperature and 14 min residence time .
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Figure 4.36 FTIR spectra of LLDPE and LLDPE/2%Oib POSS nanocomposites prepared at 

270ºC mixing temperature and 10 min residence time. 
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Figure 4.37 FTIR spectra of LDPE and LDPE/Oib POSS nanocomposites prepared at 175ºC 

mixing temperature and 14 min residence time. 
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Figure 4.38 FTIR spectra of LDPE and LDPE/2%Oib POSS nanocomposites prepared at 

200ºC mixing temperature and 14 min residence time. 
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Figure 4.39 FTIR spectra of LDPE and LDPE/2%Oib POSS nanocomposites prepared at 

270ºC mixing temperature and 14 min residence time. 

4.3.1.2 SEM analysis 

   Scanning electron microscopy was used to determine the effect of mixing temperature on 

the dispersion state of Oib POSS particles in LLDPE and LDPE matrices. SEM images and Si 

mapping of LLDPE/2%Oib POSS and LDPE/2%Oib POSS nanocomposites at different 

temperatures are shown in Figures 4.40-4.42 and 4.43-4.45, respectively. For LLDPE /2%Oib 

POSS nanocomposites, it is clearly seen that the POSS particles are not completely miscible 

at the molecular level and thus form micro aggregates at a mixing temperatures of 175°C and 

14 min residence time. However, Scapini et al. (2010) found that at a low concentration of 

1%, the POSS nano-disperse in HDPE/EVA copolymer with average dimensions of 150 nm, 

while aggregations were observed at higher concentrations of 5%, which indicates the 

solubility limit of POSS of approximately 1%.   

   Processing of the nanocomposites at 200°C for 14 min or at 270°C for 10 min leads to some 

improvement in the distribution of the nanoparticles in the polymer matrix. On the basis of 

our optical microscope results (see Figure 4.3) at 270°C, Oib POSS particles partially melt at 

this temperature, which may cause this improvement in the distribution of the nanoparticles in 

the matrix.  
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   In the case of LDPE/2%Oib POSS, it is clearly seen that the miscibility of Oib POSS in 

LDPE is less than in LLDPE. However, the effect of mixing temperature on the distribution of 

Oib POSS in LDPE is very clear: There are some large agglomerates of sizes 5-10 µm in the 

blends prepared at relatively low mixing temperatures (175 and 200°C), while when the 

nanoparticles partially melt at 270°C, the agglomeration size suddenly becomes smaller with  

a size of approximately 1 µm.  

   Actually, Lim et al. (2010) found that the distribution of octaisobutyl POSS in HDPE 

sample was in the sub-micrometer scale, so that it can be concluded that the miscibility of Oib 

POSS depends on the type of PE. Also, from the results one can say that Oib POSS 

aggregates can be broken down by increasing the mixing temperature to 270°C without using 

dispersing aids.  

 

                           
(a)                                 (b) 

Figure 4.40 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LLDPE/2% 

Oib POSS nanocomposites prepared at 175°C and 14 min residence time. 

                                   

                         

  (a)                                                           (b)             

Figure 4.41 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LLDPE/2% 

Oib POSS nanocomposites prepared at 200°C and 14 min residence time.                                                   
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(a)                                                           (b)             

Figure 4.42 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LLDPE/2% 

Oib POSS nanocomposites prepared at 270°C and 10 min residence time.                      

                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

(a)                                                           (b)         

Figure 4.43 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LDPE/2% 

Oib POSS nanocomposites prepared at 175°C and 14 min residence time. 

                              

     (a)                                                           (b)         

Figure 4.44 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LDPE/2% 

Oib POSS nanocomposites prepared at 200°C and 14 min residence time. 
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      (a)                                                           (b)         

Figure 4.45 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LDPE /2% 

Oib POSS nanocomposites prepared at 270°C and 14 min residence time. 

 

4.3.1.3 Rheological analysis  
 

   Dynamic frequency sweep tests are conducted in linear-viscoelastic region (γ = 0.01) to 

obtain information on the processing properties as well as the microstructural changes of 

nanocomposites. The frequency dependent function of the complex viscosity at 175ºC of 

LLDPE and their nanocomposites at different mixing temperatures and times are shown in 

Figures 4.46-4.48. It is evident that the value of complex viscosity η* decreases slightly with 

addition of Oib POSS particles to LLDPE at all processing temperatures, but the differences 

are small and the viscosities converge at high frequency. According to our FTIR results, there 

are no chemical interactions between LLDPE chains and Oib POSS molecules, which could 

hinder the melt flow. Therefore Oib POSS particles may serve as ball bearings and reduce the 

friction between the polymer chains, or in other words, POSS behaves as a lubricating or 

plasticizing agent as already stated in some researches on other types of POSS [Joshi et al. 

2006, Bhadu et al. 2010, and Hato et al. 2011]. The complex viscosity becomes lower than 

that of LLDPE/2%Oib POSS by addition of 5% Oib POSS to the LLDPE matrix and 

compounded at 175°C, which supports the lubricant effect of Oib POSS.  

   With respect to the effect of processing temperature on the complex viscosity of the 

LLDPE/Oib nanocomposites, we can say that there is no significant effect on the reduction of 

the complex viscosity with increasing the mixing temperature to 270°C compared to the 

nanocomposites prepared at 175°C, although the results of SEM confirm a little enhancement 

in the distribution of the nanoparticles in the nanocomposites produced at 270°C. It is 
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noteworthy that the results show a shear thinning behavior (pseudoplasticity) for unfilled as 

well as Oib POSS filled LLDPE systems.  

   Similar trends were observed for unfilled and Oib POSS filled LDPE systems produced at 

different mixing temperatures and 14 min residence time as seen in Figures 4.49-4.51, where 

a decrease in the complex viscosity is also observed by adding Oib POSS nanoparticles to the 

LDPE matrix. It is interesting to highlight that in the case of LDPE/Oib POSS 

nanocomposites, the increase in the mixing temperature to 270°C leads to an improvement of 

POSS distribution as confirmed by SEM results, which causes pronounced reduction in the 

complex viscosity compared to nanocomposites produced at 175°C with low POSS content.  

 

 
 

Figure 4.46 Change of complex viscosity with angular frequency of pure LLDPE and 

LLDPE/Oib POSS nanocomposites at different Oib POSS contents at 175ºC processing 

temperature and 14 min residence time. 
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Figure 4.47 Change of complex viscosity with angular frequency of pure LLDPE and 

LLDPE/Oib POSS nanocomposites at 200ºC processing temperature and 14 min residence 

time. 

 

 
 

Figure 4.48 Change of complex viscosity with angular frequency of pure LLDPE and 

LLDPE/Oib POSS nanocomposites at 270ºC processing temperature and 10 min residence 

time. 
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Figure 4.49 Change of complex viscosity with angular frequency of pure LDPE and 

LDPE/Oib POSS nanocomposites at different Oib POSS contents at 175ºC processing 

temperature and 14 min residence time. 

 

 
 

Figure 4.50 Change of complex viscosity with angular frequency of pure LDPE and 

LDPE/Oib POSS nanocomposites at 200ºC processing temperature and 14 min residence 

time. 
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Figure 4.51 Change of complex viscosity with angular frequency of pure LDPE and 

LDPE/Oib POSS nanocomposites at 270ºC processing temperature and 14 min residence 

time. 

 

   Figures 4.52-4.54 present the storage modulus G’ and loss modulus G’’ as a function of 

angular frequency for pure LLDPE and LLDPE/Oib POSS nanocomposites at different 

mixing temperatures and times. These figures show a frequency dependence of the moduli of 

all samples which are characteristic for liquid-like materials. Also, at low frequency, the 

storage and loss moduli values are lower than those at higher frequencies. This is because at 

low frequency, there is sufficient time stress relaxation which causes a decrease of the values 

of storage and loss modulus. G’ and G’’ values of LLDPE /2%Oib POSS nanocomposites 

produced at 175, 200 and 270°C are lower than those for pure polymers, and the reduction in 

the values becomes higher with further increase in Oib POSS loading to 5%. This is due to the 

absence of the interaction between the LLDPE chains and the POSS particles, and to the 

lubrication effect of Oib POSS nanoparticles.  

   Figures 4.55-4.57 show the frequency dependence of G’ and G’’ of LDPE and LDPE/Oib 

POSS samples at different mixing temperatures and 14 min residence time. As expected, a 

decrease in the storage and loss modulus was also obtained at all processing temperatures of 

the nanocomposite samples compared with the unfilled polymers, which are almost similar to 

our LLDPE/Oib POSS results. 
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(a) 

 

 
(b) 

Figure 4.52 Change of storage and loss modulus with angular frequency of pure LLDPE and 

LLDPE/Oib POSS nanocomposites for different Oib POSS contents at 175ºC processing 

temperature and 14 min residence time. (a) with 2%Oib POSS content. (b) with 5%Oib POSS 

content. 
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Figure 4.53 Change of storage and loss modulus with angular frequency of pure LLDPE and 

LLDPE/Oib POSS nanocomposites at 200ºC processing temperature and 14 min residence 

time. 

 
 

Figure 4.54 Change of storage and loss modulus with angular frequency of pure LLDPE and 

LLDPE/Oib POSS nanocomposites at 270ºC processing temperature and 10 min residence 

time. 
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(a) 

 

   (b) 

Figure 4.55 Change of storage and loss modulus with angular frequency of pure LDPE and 

LDPE/Oib POSS nanocomposites for different Oib POSS contents at 175ºC processing 

temperature and 14 min residence time. (a) with 2%Oib POSS content. (b) with 5%Oib POSS 

content. 
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Figure 4.56 Change of storage and loss modulus with angular frequency of pure LDPE and 

LDPE/Oib POSS nanocomposites at 200ºC processing temperature and 14 min residence 

time. 

 
 

Figure 4.57 Change of storage and loss modulus with angular frequency of pure LDPE and 

LDPE/Oib POSS nanocomposites at 270ºC processing temperature and 14 min residence 

time. 

   Another criterion for evaluation of the elastic nature of polymers is the intersection of G’ 

and G’’. The intersection point is called “cross-over” modulus and “cross-over” frequency. At 

this point the values of the moduli are equal, and this point marks a transition from a 
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viscoelastic solid (G’> G’’) to a viscoelastic liquid (G’< G’’). It seems from our results that 

the presence of Oib POSS particles in both LLDPE and LDPE leads to shifts of the cross-over 

frequency to higher frequencies, as shown in Tables 4.2 and 4.3, respectively. This means that 

loading of Oib POSS particles reduces the elasticity of the polymers. 

Table 4.2 Crossover frequency between the storage and loss modulus of pure LLDPE and 

LLDPE/Oib POSS nanocomposites. 

Sample  
ω cross-over  

(rad/s) 
T=175 °C ,t=14 min  
    LLDPE                   0.31 
    LLDPE/2%Oib POSS                  0.46 

 LLDPE/5%Oib POSS                  1.47 
T=200°C ,t=14 min  
    LLDPE                  1.00 
    LLDPE/2%Oib POSS                  2.15 
T=270°C ,t=10 min  
    LLDPE - 
    LLDPE/2%Oib POSS                  0.10 

 

Table 4.3 Crossover frequency between the storage and loss modulus of pure LDPE and 

LDPE/Oib POSS nanocomposites. 

Sample  ω cross-over  
(rad/s) 

T=175 °C ,t=14 min  
    LDPE  4.64 
    LDPE/2%Oib POSS                   10.00 
    LDPE/5%Oib POSS  14.70 
T=200°C ,t=14 min  
    LDPE 4.64 
    LDPE/2%Oib POSS 4.64 
T=270°C ,t=14 min  
    LDPE - 
    LDPE/2%Oib POSS  2.15 

4.3.1.4 DSC analysis  

   The influence of Oib POSS on the thermal properties of LLDPE /Oib POSS and LDPE /Oib 

POSS nanocomposites produced at different mixing temperatures and times was studied using 

differential scanning calorimetry .The DSC traces for the net LLDPE and the nanocomposites, 

obtained from the seconds heating and cooling scans are shown in Figures 4.58-4.60. From 

these figures, the endothermic and the exothermic peaks at about 123 and 109°C are clearly 



Chapter IV Results and discussion of Polyolefin/POSS nanocomposites  

92 

 

seen in all the curves, which correspond to the melting and crystallization temperatures of 

LLDPE, respectively. However, the characteristic peaks of Oib POSS do not appear which is 

caused by the low content of Oib POSS in the matrix (2 and 5%).    

   All the data as determined from the DSC second heating and second cooling curves are 

summarized in Table 4.4, where the crystallinity is determined by using eq. 3.2. The results 

show that no significant differences are caused by the presence of POSS on the melting and  

crystallization temperatures as well as the percentage of crystallinity.  

   The blends containing LDPE and Oib POSS show behavior similar to LLDPE/Oib POSS 

(see Figures 4.61-4.63). However, the crystallinity of LDPE shows significant improvement 

in the presence of Oib POSS (see Table 4.5). The crystallinity of LDPE nanocomposites 

produced at 175ºC processing temperature and 14 min residence time increases from 31.80 to 

43.26 % with addition 2% of Oib POSS. This mean that Oib POSS acts as nucleating agent. 

Similarly, Misra (2009) found an increase in the crystallinity of PA6 by addition Oib POSS 

nanoparticles. 

    

 

Figure 4.58 DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/Oib POSS 

nanocomposites at different Oib POSS contents and at 175ºC processing temperature and 14 

min residence time. 
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Figure 4.59 DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/2%Oib POSS 

nanocomposites at 200ºC processing temperature and 14 min residence time. 

 

 

Figure 4.60 DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/2%Oib POSS 

nanocomposites at 270ºC processing temperature and 10 min residence time. 
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Table 4.4 Variation of melting and crystallization characteristics of LLDPE and LLDPE/Oib 

POSS nanocomposites at different mixing temperatures and times. 

 
Sample Tm,max (°C) Tc (°C) Hm (J/g) Xc (%) 

T=175°C ,t=14 min     
     LLDPE  123.24 109.08 119.68 40.84 
     LLDPE/2%Oib POSS 122.40 108.70 128.73 43.93 
     LLDPE/5%Oib POSS 122.39 108.70 127.47 43.50 
T=200°C ,t=14 min     
    LLDPE 122.98 109.30 126.45 43.15 
    LLDPE/2%Oib POSS 122.58 112.63 120.83 41.22 
T=270°C ,t=10 min     
    LLDPE 121.97 109.29 136.91 46.72 
    LLDPE/2%Oib POSS 122.30 108.86 133.61 45.60 

 

 

 

Figure 4.61 DSC 2nd heating and cooling curves of pure LDPE and LDPE/Oib POSS 

nanocomposites at different Oib POSS contents and at 175ºC processing temperature and 14 

min residence time. 
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Figure 4.62 DSC 2nd heating and cooling curves of pure LDPE and LDPE/2%Oib POSS 

nanocomposites at 200ºC processing temperature and 14 min residence time. 

 

 

Figure 4.63 DSC 2nd heating and cooling curves of pure LDPE and LDPE/2%Oib POSS 

nanocomposites at 270ºC processing temperature and 14 min residence time. 
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Table 4.5 Variation of melting and crystallization characteristics of LDPE and LDPE/Oib 

POSS nanocomposites at different mixing temperatures. 

Sample Tm,max (°C) Tc (°C) Hm (J/g) Xc (%) 

T=175°C ,t=14 min     
     LDPE  114.02 101.31 93.18 31.80 
     LDPE/2%Oib POSS 113.22 101.98 126.76 43.26 
     LDPE/5%Oib POSS 113.70 101.38 124.52 42.49 
T=200°C ,t=14 min     
    LDPE 113.89 101.95 100.97 34.46 
    LDPE/2%Oib POSS 113.42 102.13 125.44 42.81 
T=270°C ,t=14 min     
    LDPE 113.11 102.15 123.20 42.04 
    LDPE/2%Oib POSS 113.53 102.22 128.85 43.97 

 
 
4.3.2 PE/Tsp POSS nanocomposites  

4.3.2.1 FTIR analysis 

   The Tsp POSS molecule has a partial cage-like structure with a phenyl group on seven of its 

corners and has three silanol groups (see Figure 3.1b). Silanol has a Si atom at the core with a 

OH functional group at the outside, which can interact with polymers. Accordingly, FTIR 

analyses were done for LLDPE and LDPE and their nanocomposites. 

   FTIR spectra of LLDPE /Tsp POSS and LDPE/Tsp POSS prepared at different mixing 

temperatures and times are presented in Figures 4.64-4.66 and 4.67- 4.69, respectively. The 

figures indicate the presence of peaks at 2914, 2847, 1472, 1462, 730, and 718 cm-1, which 

are the characteristic peaks of PE. Also, all diagrams show the characteristic peaks of Tsp  

POSS with bands at 1134, 1101, and 491 cm-1 assigned to (Si-O-Si) stretching vibrations and  

bands at 1028 and 997 cm-1 assigned to Si-phenyl stretching vibrations.  

   Moreover, it is noted from the FTIR spectra of LLDPE/Tsp POSS nanocomposites that the 

Si-OH peak disappears and a new peak at about 1060 cm-1 appears even for the samples 

which were produced at a relatively low temperature of 175 ºC (see Figures 4.64b and 

Appendix C). At 175ºC mixing temperature, the Tsp POSS molecules should be thermally 

stable as confirmed by FTIR results of pure Tsp POSS, and the new absorption peak could be 

caused by the asymmetrical stretching of Si-O-C bonds [Yong 2002]. Therefore, with the 

appearing of the Si-O-C peak even for samples produced at 175ºC processing temperature, we 

suggest that there is an interaction between the Tsp POSS molecules and PE during the melt 
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blending process. The same peak also occurs in the FTIR spectra of LDPE /Tsp POSS 

nanocomposites at all mixing temperatures (see Figures 4.67b and Appendix C).   

   In the literatures, interactions between trisilanol POSS and polymers have been also 

reported for PMMA [Kopesky et al. 2006] as well as with nylon 6 [Misra et al. 2009]. 

       

4000 3500 3000 2500 2000 1500 1000 500

LLDPE/5%Tsp POSS

LLDPE/2%Tsp POSS

LLDPE

 A
bs

or
ba

nc
e (

a.
u.

)

Wave number(cm-1)

(a) 

 

 

 
 

          

1200 1100 1000 900 800

 A
bs

or
ba

nc
e (

a.
u.

)

Wave number(cm-1)

Si-O-C stretching 

(b) 
1060 cm-1 

LLDPE/5%Tsp POSS

LLDPE/2%Tsp POSS

LLDPE

 

 

Figure 4.64 FTIR spectra of LLDPE and LLDPE/Tsp POSS nanocomposites prepared by 

brabender at 175ºC mixing temperature and 14 min residence time.  (a) Characteristic peaks 

from 4000 to 400 cm-1. (b) The Si-O-C peak at 1060cm-1. 
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Figure 4.65 FTIR spectra of LLDPE and LLDPE/2%Tsp POSS nanocomposite prepared by 

brabender at 220ºC mixing temperature and 14 min residence time. 
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Figure 4.66 FTIR spectra of LLDPE and LLDPE/2%Tsp POSS nanocomposite prepared by 

brabender at 250ºC mixing temperature and 10 min residence time. 
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Figure 4.67 FTIR spectra of LDPE and LDPE/Tsp POSS nanocomposites prepared by 

brabender at 175ºC mixing temperature and 14 min residence time. (a) Characteristic peaks 

from 4000 to 400 cm-1. (b) The Si-O-C peak at 1060cm-1 . 
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Figure 4.68 FTIR spectra of LDPE and LDPE/2%Tsp POSS nanocomposite prepared by 

brabender at 220ºC mixing temperature and 14 min residence time. 
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Figure 4.69 FTIR spectra of LDPE and LDPE/2%Tsp POSS nanocomposite prepared by 

brabender at 250ºC mixing temperature and 14 min residence time. 

4.3.2.2 SEM analysis 

   The morphology of the LLDPE/Tsp POSS and LDPE/Tsp POSS nanocomposites was 

characterized by scanning electron microscope. Figures 4.70-4.72 show the SEM images and 
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Si mapping of the various LLDPE/ Tsp POSS nanocomposites produced at different mixing 

temperatures and times. The results clearly show that at 175°C mixing temperature and 14 

min residence time, the Tsp POSS molecules tend to aggregate on a sub-micrometric scale in 

LLDPE. Also, it is seen that the level of agglomeration decreases with increasing the mixing 

temperature to 220°C. It is assumed that at this temperature the Tsp POSS is in a liquid state 

during processing as is evident from the optical microscope results (see Figure 4.12). 

However, increasing the mixing temperature to 250°C does not show a significant 

improvement in the distribution of Tsp POSS nanoparticles in the matrix compared with the 

nanocomposites produced at 220°C and 14 min residence time. This may be due to the 

reduced mixing time of 10 min.   

   The SEM images and Si mapping of LDPE/Tsp POSS nanocomposites are presented in 

Figures 4.73-4.75. The SEM image of the nanocomposites produced at 175°C and 14 min 

residence time shows that POSS nanoparticles form agglomerations in the sub-micrometer 

scale. Increasing the mixing temperature to 220°C or 250°C leads to some improvement of 

dispersion as in case of LLDPE/Tsp POSS nanocomposites.  

    From these results, it seems that we can enhance the distribution of Tsp POSS in LLDPE 

matrices by increasing the processing temperature, but we cannot reach complete dispersion 

on the molecular level. This is supported by the FTIR results, which indicate an interaction 

between Tsp POSS and PE (see Figures 4.64b and Appendix C). 

 

                                                                                                               

 (a)                                                             (b)         

Figure 4.70 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LLDPE/2% 

Tsp POSS nanocomposites prepared at 175 °C and 14 min residence time. 



Chapter IV Results and discussion of Polyolefin/POSS nanocomposites  

102 

 

                              

                 (a)                                                          (b)          

Figure 4.71 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LLDPE/2% 

Tsp POSS nanocomposites prepared at 220°C and 14 min residence time. 

                            

                (a)                                                           (b)          

Figure 4.72 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LLDPE/2% 

Tsp POSS nanocomposites prepared at 250°C and 10 min residence time. 

                                                                                                                    

           (a)                                                         (b)         

Figure 4.73 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LDPE/2%Tsp 

POSS nanocomposites prepared at 175°C and 14 min residence time. 
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           (a)                                                           (b)         

Figure 4.74 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LDPE/2%Tsp 

POSS nanocomposites prepared at 220°C and 14 min residence time. 

                             

              (a)                                                        (b)         

Figure 4.75 (a) SEM micrograph and (b) Si mapping at 2000x magnification of LDPE/2%Tsp 

POSS nanocomposites prepared at 250°C and 14 min residence time. 

4.3.2.3 Rheological analysis  

   Figures 4.76-4.78 and 4.79-4.81 show the dynamic viscosity curves of LLDPE/Tsp POSS 

and LDPE/Tsp POSS nanocomposites at 175ºC, respectively. The curves illustrate the effect 

of the addition of Tsp POSS nanoparticles on the absolute value of complex viscosity η* of 

LLDPE and LDPE at different processing temperatures and times.  It is seen from Figure 4.76 

that the value of complex viscosity of pure LLDPE sample produced at 175ºC processing 

temperature and 14 min residence time is unchanged upon adding Tsp POSS nanoparticles. 

Moreover, an increase in the viscosities of the nanocomposites samples is obtained, when the 

melt mixing was carried out at 220ºC for 14 min and at 250ºC for 10 min (Figures 4.77 and 
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4.78), which correlates with the enhancement of the distribution of the nanoparticles in the 

LLDPE matrices with increasing the processing temperature as observed by SEM.  

   In the case of LDPE nanocomposites, the effect of the addition nanoparticles is more 

pronounced and the complex viscosity increases with addition of 2% of Tsp POSS at all 

processing temperatures. With increasing the Tsp POSS loading to 5%, a further increase of 

the complex viscosity η*  is observed (see Figures 4.79-4.81 ). 

   Hence, it can be concluded from our previous results that the increase of the complex 

viscosity of LLDPE/Tsp POSS and LDPE/Tsp POSS nanocomposites may be ascribed to the 

formation of chemical linkages between the hydroxyl groups of Tsp POSS molecules and PE 

chains which restrict their movement. Moreover, it can be concluded that the reactivity of Tsp 

POSS nanoparticles with LDPE is larger than with LLDPE: The percentage of increase of the 

viscosity of LDPE nanocomposites is more than the percentage of increase of the viscosity of 

LLDPE nanocomposites at the same nanofiller content and the same processing conditions.  

   The increase in the viscosity of PE is also observed with other types of POSS. An increase 

of the melt viscosity of polyethylene by addition of (ethyloctadeca-10, 13 dienoamide) 

silsesquioxane was also found by Nguyen et al. (2012). Their results show micron-sized (10-

20 µm) dispersion by addition of 1-40% of POSS, and increasing the amount of nanocages 

caused a continuous decrease in the melt flow index, which indicates an increase in the melt 

viscosity of the nanocomposites. 
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Figure 4.76 Change of complex viscosity with angular frequency of pure LLDPE and 

LLDPE/Tsp POSS nanocomposites for different Tsp POSS contents at 175ºC processing 

temperature and 14 min residence time. 

 

 

Figure 4.77 Change of complex viscosity with angular frequency of pure LLDPE and 

LLDPE/Tsp POSS nanocomposites at 220ºC processing temperature and 14 min residence 

time. 
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Figure 4.78 Change of complex viscosity with angular frequency of pure LLDPE and 

LLDPE/Tsp POSS nanocomposites at 250ºC processing temperature and 10 min residence 

time. 

 

 
 

Figure 4.79 Change of complex viscosity with angular frequency of pure LDPE and 

LDPE/Tsp POSS nanocomposites for different Tsp POSS contents at 175ºC processing 

temperature and 14 min residence time. 
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Figure 4.80 Change of complex viscosity with angular frequency of pure LDPE and 

LDPE/Tsp POSS nanocomposites at 220ºC processing temperature and 14 min residence 

time. 

 

 
 

Figure 4.81 Change of complex viscosity with angular frequency of pure LDPE and 

LDPE/Tsp POSS nanocomposites at 250ºC processing temperature and 14 min residence 

time. 
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   The dynamic moduli within the LVE regime are characterized by frequency sweeps carried 

out at 175ºC. Figures 4.82-4.84 and 4.85-4.87 show the curves for the storage G’ and loss 

modulus G’’ as a function of frequency ω for LLDPE and LDPE as well as their Tsp POSS 

nanocomposites prepared at different temperatures and times, respectively. Figure 4.82 shows 

that the storage and loss modulus of pure LLDPE and LLDPE/Tsp POSS nanocomposites 

prepared at 175ºC and 14 min residence time are almost the same, while increasing the 

processing temperature to 220ºC for 14 min, or to 250ºC for 10 min, leads to an increase of 

both the elastic and the loss modulus of the nanocomposites compared with the pure 

polymers. Also, it is important to note the effect of Tsp POSS addition is much higher at low 

frequencies than at high frequencies. Similar results are obtained for LDPE/Tsp POSS 

nanocomposites prepared at different mixing temperatures (175, 220 and 250ºC) and 14 min 

residence time (Figures 4.85-4.87), for which an increment in the values of storage and loss 

modulus of the nanocomposites compared to the virgin polymers is observed. 

   As can be seen from Table 4.6, no significant change in the crossover frequency for 

LLDPE/Tsp POSS nanocomposites produced at 175ºC and 14 min residence time is observed, 

whereas no crossover point in the frequency range of 0.1-100 rad/s is seen for nanocomposites 

prepared at higher temperatures (220 and 250ºC), because G’ is constantly higher than G’’ 

indicating a predominantly elastic behavior in this frequency range. Similar results are 

obtained for LDPE/Tsp POSS nanocomposites as summarized in Table 4.7. Typically, if the 

polymer is inherently viscous in nature, G’’ exceeds G’, but when rigid or semi-flexible solid 

particles are added, G’ approaches or exceeds G’’. Also the change in the behavior of PE by 

adding Tsp POSS could be attributed to the presence of the chemical linkages between the 

polymer and the nanoparticles. 
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(a) 
 

 

(b) 

Figure 4.82 Change of storage and loss modulus with angular frequency of pure LLDPE and 

LLDPE/Tsp POSS nanocomposites for different Tsp POSS contents at 175ºC processing 

temperature and 14 min residence time. (a) with 2%Tsp POSS content. (b) with 5%Tsp POSS 

content. 
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Figure 4.83 Change of storage and loss modulus with angular frequency of pure LLDPE and 

LLDPE/Tsp POSS nanocomposites at 220ºC processing temperature and 14 min residence 

time. 

 

Figure 4.84 Change of storage and loss modulus with angular frequency of pure LLDPE and 

LLDPE/Tsp POSS nanocomposites at 250ºC processing temperature and 10 min residence 

time. 
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Table 4.6 Crossover frequency between the storage and loss modulus of pure LLDPE and 

LLDPE/Tsp POSS nanocomposites. 

Sample  ω cross-over  
(rad/s) 

T=175 °C ,t=14 min  
     LLDPE  0.316 
     LLDPE/2% Tsp POSS 0.316 
   LLDPE/5Tsp % POSS 0.464 

T=220°C ,t=14 min  
    LLDPE 0.147 
    LLDPE/2% Tsp POSS - 
T=250°C ,t=10 min  
    LLDPE - 
    LLDPE/2% Tsp POSS - 

 

 

 
 

(a) 
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(b) 

Figure 4.85 Change of storage and loss modulus with angular frequency of pure LDPE and 

LDPE/Tsp POSS nanocomposites for different Tsp POSS contents at 175ºC processing 

temperature and 14 min residence time. (a) with 2%Tsp POSS content. (b) with 5%Tsp POSS 

content. 

 

 
 

Figure 4.86 Change of storage and loss modulus with angular frequency of pure LDPE and 

LDPE/Tsp POSS nanocomposites at 220ºC processing temperature and 14 min residence 

time.  



Chapter IV Results and discussion of Polyolefin/POSS nanocomposites  

113 

 

 
 
 

Figure 4.87 Change of storage and loss modulus with angular frequency of pure LDPE and 

LDPE/Tsp POSS nanocomposites at 250ºC processing temperature and 14 min residence 

time. 

Table 4.7 Crossover frequency between the storage and loss modulus of pure LDPE and 

LDPE/Tsp POSS nanocomposites. 

Sample  ω cross-over  
(rad/s) 

T=175 °C ,t=14 min  
     LDPE  4.64 
     LDPE/2% Tsp POSS 0.215 
     LDPE/5% Tsp POSS - 
T=220°C ,t=14 min  
    LDPE 1.47 
    LDPE/2% Tsp POSS - 
T=250°C ,t=14 min  
    LDPE 1.47 
    LDPE/2% Tsp POSS - 

 
 

4.3.2.4 DSC analysis  

   Figures 4.88-4.90 show the DSC second heating and cooling scans of LLDPE with and 

without Tsp POSS nanoparticles produced at different mixing temperatures and times. The 

results are summarized in Table 4.8. From these data it appears that virgin LLDPE and 

LLDPE/Tsp POSS nanocomposites show melting (endothermic) peaks between 123.24 and 
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121.88°C. Also, no significant effect on the crystallization temperatures is observed with 

incorporation of the Tsp POSS into LLDPE matrices even for samples produced at high 

processing temperatures such as 220ºC or 250ºC.   

   The crystallinity of the samples was calculated based on the enthalpy of 100% crystalline 

PE of 293 J/g. It seems from the results that crystallinity depends on the processing 

temperature of the nanocomposites. The percent of crystallinity of LLDPE prepared at 175ºC 

and 14 min residence time is not significantly affected by the addition of Tsp POSS, which 

means that the Tsp nanoparticles are mostly dispersed in the amorphous regions of LLDPE. 

Jushi et al. (2005) also found that the crystallinity of HDPE and HDPE/octamethyl POSS are 

mostly the same, indicating that octamethyl POSS nanoparticles disperse in the amorphous 

domains of HDPE. However, Tsp POSS acts as nucleation agent in the nancomposites 

prepared at 220ºC and 14 min residence time for which the crystallinity increases from 

41.89% for the net polymer to 46.17% in the presence of 2% of Tsp POSS nanoparticles. 

However, no significant change in the crystallinity is observed of the nanocomposite 

produced at 250ºC and 10 min compared to the pure polymer. Misra et al. (2009) reported an 

increase in the crystallinity of Nylon 6 with addition of Tsp POSS nanoparticles. Also Bhadu 

et al. (2010) found that the Tsp POSS acts as nucleation agent in PTT/Tsp POSS 

nanocomposites.  

   Similar observation were obtained for the nanocomposites containing Tsp POSS and LDPE 

produced at different mixing temperatures and 14 min residence time as shown in Figures 

4.91-4.93 and summarized in Table 4.9.  Melting and crystallization temperatures are almost 

the same as for the virgin polymer. Also the results reported in Table 4.8 show that the 

incorporation of Tsp POSS leads to an increase of crystallinity of LDPE prepared at 175ºC 

mixing temperature, while there is no pronounced effect in the crystallinity of nanoparticles 

produced with mixing temperatures of 220ºC and 250ºC. 
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Figure 4.88 DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/Tsp POSS 

nanocomposites for different Tsp POSS contents and at 175ºC processing temperature and 14 

min residence time. 

 

Figure 4.89 DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/2%Tsp POSS 

nanocomposites at 220ºC processing temperature and 14 min residence time. 
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Figure 4.90 DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/2%Tsp POSS 

nanocomposites at 250ºC processing temperature and 10 min residence time. 

 

Table 4.8 Variation of melting and crystallization characteristics of LLDPE and LLDPE/Tsp 

POSS nanocomposites at different mixing temperatures and times. 

Sample Tm,max (°C) Tc (°C) Hm (J/g) Xc (%) 

T=175°C ,t=14 min     
     LLDPE  123.24 109.08 119.68 40.84 
     LLDPE/2%Tsp POSS 122.97 108.79 117.63 40.14 
     LLDPE/5%Tsp POSS 122.31 109.16 116.24 39.67 
T=220°C ,t=14 min     
    LLDPE 122.58 109.54 122.76 41.89 
    LLDPE/2%Tsp POSS 121.88 109.98 135.30 46.17 
T=250°C ,t=10 min     
    LLDPE 122.44 109.38 140.23 47.86 
    LLDPE/2%Tsp POSS 122.39 108.96 131.99 45.04 
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Figure 4.91 DSC 2nd heating and cooling curves of pure LDPE and LDPE/Tsp POSS 

nanocomposites for different Tsp POSS contents and at 175ºC processing temperature and 14 

min residence time. 

 

Figure 4.92 DSC 2nd heating and cooling curves of pure LDPE and LDPE/2%Tsp POSS 

nanocomposites at 220ºC processing temperature and 14 min residence time. 
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Figure 4.93 DSC 2nd heating and cooling curves of pure LDPE and LDPE/2%Tsp POSS 

nanocomposites at 250ºC processing temperature and 14 min residence time. 

 

Table 4.9 Variation of melting and crystallization characteristics of LDPE and LDPE/Tsp 

POSS nanocomposites at different mixing temperatures. 

Sample Tm,max (°C) Tc (°C) Hm (J/g) Xc (%) 

T=175°C ,t=14 min     
     LDPE  114.02 101.31 93.18 31.80 
     LDPE/2%Tsp POSS 114.52 99.57 112.51 38.39 
     LDPE/5%Tsp POSS 113.43 99.83 97.10 33.14 
T=220°C ,t=14 min     
    LDPE 113.46 102.46 131.72 44.95 
    LDPE/2%Tsp POSS 113.07 101.83 123.49 42.14 
T=250°C ,t=14 min     
    LDPE 113.61 102.54 130.82 44.65 
    LDPE/2%Tsp POSS 112.77 101.63 124.06 42.34 
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4.4 Rheological, thermal and FTIR analysis of polyolefin/POSS 

nanocomposites prepared by single screw extruder  

   From the previous results the optimum processing temperatures for POSS nanocomposites 

are 270ºC for PE/Oib POSS, and 220ºC for PE/Tsp POSS nanocomposites. On the basis of 

these results, PE/POSS and PP/POSS nanocomposites were prepared at these temperatures by 

using the single screw extruder, and their characteristic properties were investigated .  

4.4.1 Polyolefin/Oib POSS nanocomposites  

4.4.1.1 FTIR analysis 

  The PP/Oib POSS, LLDPE/Oib POSS and LDPE/Oib nanocomposites were produced by 

single screw extruder at 270ºC and analyzed by Fourier transform infrared (FTIR) 

spectroscopy. Figure 4.94 shows the FTIR spectra of PP and PP/Oib POSS nanocomposites. It 

is clear from the results that the symmetrical and asymmetrical stretching vibrations as well as 

the scissor vibration of CH2 and CH3 occur in both the pure polymer and its nanocomposites. 

In the case of PP/2%Oib POSS, the Si-O-Si stretching peak appears at 1113 cm-1 with very 

low intensity, and the intensity of this peak increases in the PP/5%OibPOSS nanocomposite, 

indicating the presence of POSS in the samples . 

   Also, we note that for LLDPE/Oib POSS and LDPE/Oib POSS nanocomposites (see 

Appendix C), the FTIR spectra of the samples prepared by extruder are the same as the FTIR 

spectra of samples produced by brabender. 
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Figure 4.94 FTIR spectra of PP and PP/Oib POSS nanocomposites prepared by extruder  at 

270ºC. (a) Characteristic peaks from 4000 to 400 cm-1. (b) The Si-O-Si peak at 1113 cm-1. 

4.4.1.2 Rheological analysis 

   The rheological behavior of PP/Oib POSS, LLDPE/Oib POSS, and LDPE/Oib POSS 

produced via extruder at 270ºC was studied by using frequency sweep tests at 175°C 

measuring temperature and 1% strain. The changes in complex viscosity of PP and PP/Oib 

POSS with frequency are shown in Figure 4.95. From the results it is seen that with addition 

of 2% Oib POSS there is a negligible amount of complex viscosity change, but with the 

addition of 5% Oib POSS, the complex viscosity decreases by a significant amount. The 

strong reduction in the complex viscosity upon adding 5% of Oib POSS nanoparticles results 

from the plasticizer and/or lubricant effect of Oib POSS nanoparticles.                  

   Furthermore, it is seen from the results of frequency sweep test that the storage and the loss 

modulus decrease very slightly with increasing Oib POSS loading. A liquid-like behavior 

with G’’ being larger than G’ is observed for the virgin PP as well as for the nanocomposites 

in the frequency range investigated (Figure 4.96), which can be ascribed also to the lubricant 

effect of Oib POSS nanoparticles. On the other hand, the complex viscosity as well as the 

storage and loss moduli of PE/Oib POSS nanocomposites remain almost the same as for the 

net PE (see Appendix D). The lubrication effect is less pronounced in PE/Oib POSS systems 

than for PP/Oib POSS nanocomposites, which may be due to different compatibility of Oib 
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POSS nanoparticles with PE and PP. Hence, the distribution of the Oib POSS nanoparticles 

plays a significant role in decreasing the viscosity of the nanocomposite. 

 

 

Figure 4.95 Change of complex viscosity with angular frequency of pure PP and PP/Oib 

POSS nanocomposites prepared by extruder for different Oib POSS loading. 

 

 

Figure 4.96 Change of storage and loss modulus with angular frequency of pure PP and 

PP/Oib POSS nanocomposites prepared by extruder for different Oib POSS loading. 
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4.4.1.3 Melt Flow Index analysis 

   The melt flow index of PP, LLDPE and LDPE as well as their Oib POSS nanocomposites 

are summarized in Table 4.10. The tests were carried out at 230°C and 2.16 kg load for PP 

nanocomposites, and at 190°C and 10 kg load for PE samples. It is observed from the data 

that the melt flow index of PP/Oib POSS nanocomposites shows a similar behavior as that 

observed in rheological measurements, i.e. the MFI increases with increasing Oib POSS 

loading. At 2% Oib POSS loading, the effect was not so prominent, but with further 

increasing in the Oib POSS loading the MFI increases from 78 g/10min for the pure polymer 

to 118 g/10min for PP/5%Oib POSS, in agreement with the strongly decreasing complex 

viscosity in frequency sweep test. Similarly, the MFI results of PE/Oib POSS nanocomposites 

indicate that the incorporation of Oib POSS leads to slight increase in the MFI of LLDPE and 

LDPE, a reduction of viscosity, which was not clearly obvious from complex viscosity 

measurements. 

Table 4.10 MFI of pure PP, LLDPE and LDPE as well as their nanocomposites at different 

Oib POSS content. 

Oib POSS 
content (%) 

PP/Oib POSS  
MFI (g/10min) at 

230ºC,2.13 kg 

LLDPE/Oib POSS 
MFI (g/10min) at 

190ºC,10 kg 

LDPE/ Oib POSS 
MFI (g/10min) at 

190ºC,10 kg 
0 78 5.86 4.84 

2  80 6.40 5.20 

5   118 7.32  6.95 
 

4.4.1.4 DSC analysis 

   The second heating and cooling curves of PP/Oib POSS nanocomposites are presented in 

Figure 4.97, and all the data are reported in Table 4.11. It is noticed from the results that no 

significant differences in the melting and crystallization temperatures of pure PP are caused 

by the presence of POSS. On the other hand, it is evident that the presence of Oib POSS 

influences the percent of crystallinity of PP. The crystallinity of PP increases in the presence 

the nanoparticles due to the nucleating effect of Oib POSS. Pracella et al. (2006) found that 

octaisobutyl POSS acts as nucleating agent for PP at a high nanofiller content of 10%. 

   However, increasing the nanoparticles content to 5% leads to a decrease of crystallinity 

compared with the nanocomposite with a lower POSS content (2%), which could be due to 
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the increase in the agglomeration of nanoparticles as confirmed also by frequency sweep test 

in which the complex viscosity of the polymer increases by addition of 5% of Oib POSS. 

Anyway, in our results Oib POSS acts as nucleating agent at both loadings.  

   The DSC results of PE/Oib nanocomposites are almost similar to the DSC results of PP/Oib 

POSS nanocomposites. The crystallinity data of the nanocomposites show that the 

crystallinity value of the polymer decreases at a high loading of 5% (see Table 4.11 and 

Appendix E). For example, the crystallinity of LLDPE decreases from 39.47 to 31.93% by 

addition of 5% of nanoparticles. This could be attributed also to the increase in the level of 

agglomeration of Oib POSS in the PE matrix. A decrease in the crystallinity of LLDPE was 

also found by Hato et al. (2008) with increasing octamethyl POSS content. The authors claim 

that this behavior is due to micro aggregation of nanoparticles which hinders the local 

lamellar crystallization. Moreover, Joshi et al. (2006) found that octamethyl POSS molecules 

are dispersed at nanolevel up to 1% in a HDPE matrix and act as nucleating agent, while by 

increasing the POSS content, the molecules start to agglomerate forming POSS crystals and 

affect the crystallinity of the polymer.    

 

 

 

Figure 4.97 DSC 2nd heating and cooling curves of pure PP and PP/Oib POSS 

nanocomposites prepared by extruder for different Oib POSS contents. 
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Table 4.11 Variation of melting and crystallization characteristics of pure PP, LLDPE and 

LDPE as well as their nanocomposites prepared by extruder for different Oib POSS contents. 

Sample  Tm,max (°C) Tc (°C) Hm (J/g) Xc (%) 

     PP 159.63 116.70 104.92 50.66 
     PP/2%Oib POSS 159.75 117.61 121.22 58.53 
     PP/5%Oib POSS 159.68 117.83 111.98 54.07 
     
    LLDPE 123.10 109.60 115.69 39.47 
    LLDPE/2%Oib POSS 123.05 109.01 123.38 42.09 
    LLDPE/5%Oib POSS 122.61 108.46 93.61 31.93 
     
    LDPE 115.04 100.28 126.33 43.10 
    LDPE/2%Oib POSS 115.85 103.28 125.16 42.70 
    LDPE/5%Oib POSS 115.59 103.74 107.17 36.56 

 
 

4.4.2 Polyolefin /Tsp POSS nanocomposites 

4.4.2.1 FTIR analysis 

   Figure 4.98a shows a comparison between spectra of pure PP and Tsp POSS 

nanocomposites produced at 220ºC mixing temperature. In nanocomposites with 2 and 5% 

Tsp POSS loading, the C-H stretching and scissors vibration peaks appear as in virgin PP, 

while the Si-O-Si stretching peak of Tsp POSS appears at 1134 cm-1 with very low intensity 

(see Figure 4.98b). However, we cannot notice any new peak in the FTIR spectra of PP 

nanocomposites, so that there seems to be no interaction between the PP chains and Tsp 

POSS molecules. 

  The FTIR spectra of LLDPE and LDPE nanocomposites produced by extruder are the same 

as the FTIR spectra samples produced by brabender except that the intensity of the Si-O-C 

peaks are lower (see Appendix C). 
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Figure 4.98 FTIR spectra of PP and PP/Tsp POSS nanocomposites prepared by extruder. (a) 

Characteristic peaks from 4000 to 400 cm-1. (b) The Si-O-Si peak at 1134 cm-1. 

4.4.2.2 Rheological analysis 

   Changes in complex viscosity of PP with frequency and with increasing Tsp POSS loading 

at 220°C melt mixing temperatures are shown in Figure 4.99. It is found that with the addition 

of 2% Tsp POSS, the complex viscosity of the polymer decreases slightly, whereas with the 

addition of 5% Tsp POSS, the complex viscosity increases. The decrease in the complex 
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viscosity might be due to the fine distribution of the nanoparticles in the PP matrix resulting 

from reaching the melting point of Tsp POSS during mixing (220ºC) and from the solubility 

of Tsp POSS in the PP matrix at low concentration. Our FTIR results show that there is no 

interaction between the Tsp POSS molecules and PP. Accordingly, the increase in the 

complex viscosity at 5% Tsp POSS means that PP and Tsp POSS are not completely miscible. 

Tsp POSS aggregates hinder the flow and raise the complex viscosity of the polymer. 

Additionally, Figure 4.99 shows that the complex viscosity of the samples is frequency 

independent for frequencies ω<1, but at higher frequencies the complex viscosity decreases 

with increasing frequency. This is due to the strong shear thinning behavior of the pure 

polymer and its nanocomposites. Hence it can be concluded from the results that the addition 

of a low loading of Tsp POSS nanoparticles (<2%) can enhance the processability of PP. 

   The plot of log of G’ and G’’ versus log of angular frequency resulting from the dynamic 

frequency scan measurements at 175°C for net PP  and PP nanocomposites with various % 

wt. of Tsp POSS loading are shown in Figure 4.100. The storage and viscous moduli for the 

PP nanocomposites remain almost the same with increasing Tsp POSS loading. Also, the 

samples show liquid-like behavior (G’< G’’) at the frequency range investigated. 

   As far as the rheological properties of LLDPE/Tsp POSS and LDPE/Tsp POSS 

nanocomposites are concerned, the plots of η*, G’ and G’’ show that the rheology of PE is not 

affected by addition of the Tsp POSS nanoparticles, which is the same result as obtained for 

the LLDPE nanocomposites produced by brabender at a relatively low mixing temperature of 

175°C (see Appendix D). 
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Figure 4.99 Change of complex viscosity with angular frequency of pure PP and PP/Tsp 

POSS nanocomposites prepared by extruder for different Tsp POSS contents. 

 

  Figure 4.100 Change of storage and loss modulus with angular frequency of pure PP and 

PP/Tsp POSS nanocomposites prepared by extruder for different Tsp POSS contents. 
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4.4.2.3 Melt Flow Index analysis 
 
   Melt flow index (MFI) of pure PP, LLDPE, and LDPE as well as their nanocomposites at 

different Tsp POSS contents are reported in Table 4.12. The MFI of PP and PP/Tsp POSS 

nanocomposites was measured at 190°C and 2.16 kg load. It is clearly seen from the data that 

the MFI of PP becomes smaller with increasing Tsp POSS loading. The PP/5%Tsp POSS 

nanocomposite shows a similar trend as observed in the complex viscosity measurement.  

   For pure LLDPE and LDPE as well as their nanocomposites, the MFI measurements were 

made at 190°C and 10 kg load. It can be seen from the results that the MFI slightly decreases 

with increasing nanoparticle loading. This may be attributed to the interactions between Tsp 

POSS molecules and PE chains as confirmed by the FTIR analysis. This is in agreement with 

the complex viscosity measurements of virgin polymers and their nanocomposites. 

Table 4.12 MFI of pure PP, LLDPE and LDPE as well as their nanocomposites at different 

Tsp POSS content. 

Tsp POSS 
content (%) 

PP/Tsp POSS  
MFI (g/10min) at 

190 ºC,2.13 kg 

LLDPE/Tsp POSS 
MFI (g/10min) at 

190 ºC,10 kg 

LDPE/Tsp POSS 
MFI (g/10min) at 

190 ºC,10 kg 
0 27 7.28 5.12 

2 24 6.36 4.60 

5 23 6.88 4.40 
 

4.4.2.4 DSC analysis  

   The influence of the Tsp POSS on the crystallization and melting behavior of the PP and PE 

matrix was evaluated by means of DSC analysis. Figure 4.101 shows the variation of second 

heating and second cooling curves of the PP/Tsp POSS nanocomposites. The data are also 

summarized in Table 4.13. It is clearly seen that there are no significant effect of the presence 

of Tsp POSS on the melting temperature of PP. On the other hand, the presence of Tsp POSS 

influences the crystallization behavior of the matrix as the crystallization temperature is 

slightly increased, from ~116°C in neat PP to ~119°C in the nanocomposites. Additionally, 

the results reported in Table 4.13 show that the incorporation of POSS particles induces an 

increase in the degree of crystallinity for PP/Tsp POSS nanocomposites. This suggests that 

the addition of Tsp POSS has a nucleating effect on PP.  
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   By studying the results of LLDPE and LDPE as well as of their Tsp POSS nanocomposites 

one can say that the results are similar to the results obtained for Tsp POSS nanocomposites 

produced by brabender at a relatively low mixing temperature of 175°C (see Appendix E). 

 

  

Figure 4.101 DSC 2nd heating and cooling curves of pure PP and PP/Tsp POSS 

nanocomposites prepared by extruder for different Tsp POSS contents. 

Table 4.13 Variation of melting and crystallization characteristics of pure PP, LLDPE and 

LDPE as well as their nanocomposites prepared by extruder at different Tsp POSS content. 

Sample  Tm,max (°C) Tc (°C) Hm (J/g) Xc (%) 

     PP 159.62 116.15 103.38 49.91 
     PP/2%Tsp POSS 160.94 119.01 122.78 59.28 
     PP/5%Tsp POSS 160.27 118.52 113.59 54.84 
     
    LLDPE 122.83 107.39 117.32 40.02 
    LLDPE/2% Tsp POSS 122.62 108.53 117.90 40.22 
    LLDPE/5% Tsp POSS 122.65 108.49 112.26 38.30 
     
    LDPE 114.14 102.34 118.41 40.39 
    LDPE/2% Tsp POSS 115.33 103.83 133.39 45.49 
    LDPE/5% Tsp POSS 115.31 103.37 118.64 40.47 
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4.5 Morphological and mechanical properties of Polyolefin/POSS 

nanocomposites prepared by single screw extruder  

4.5.1 Polyolefin/Oib POSS nanocomposites 

4.5.1.1 SEM analysis 

   The scanning electron microscopy (SEM) images and Si mapping of injection molded 

samples of PP/Oib POSS nanocomposites prepared at different Oib POSS contents are 

presented in Figures 4.102 and 4.103. The formation of Oib POSS aggregates is clearly 

noticeable in Figure 4.102. Si mapping shows that the nanoparticles are distributed in 

micrometer scale in PP with aggregates of 0.5-1  μm o f Oib POSS at both low and high 

loading. However, Fina et al. (2005) found no POSS aggregates in PP/octaisobutyl POSS 

nanocomposites, and regular crystals with average dimensions of about 500 nm are formed. 
   SEM images and Si mapping of LLDPE/Oib POSS and LDPE/Oib POSS prepared at 

different Oib POSS content are presented in Figures 4.104-4.107. The samples were also cut 

from injection molded specimens. LLDPE and LDPE nanocomposite images show that Oib 

POSS is distributed in micrometric scale, and the degree of agglomeration increases with 

increasing nanoparticle content. Furthermore, the level of agglomeration of nanoparticles in 

LDPE is higher than in LLDPE at the same Oib POSS content. Hence, from the results it 

seems that the compatibility of Oib POSS with PE is less than with PP.  
               

                       
             (a)                                                          (b)         

Figure 4.102 (a) SEM micrograph and (b) Si mapping at 2000x magnification of PP/2%Oib 

POSS nanocomposites prepared by extruder. 
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              (a)                                                          (b)         

Figure 4.103 (a) SEM micrograph and (b) Si mapping at 2000x magnification of PP/5%Oib 

POSS nanocomposites prepared by extruder. 

                      
              (a)                                                          (b)         

Figure 4.104 (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

LLDPE/2%Oib POSS nanocomposites prepared by extruder. 

                      

              (a)                                                          (b)         

Figure 4.105 (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

LLDPE/5%Oib POSS  nanocomposites prepared by extruder. 



Chapter IV Results and discussion of Polyolefin/POSS nanocomposites  

132 

 

                           

              (a)                                                          (b)         

Figure 4.106 (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

LDPE/2%Oib POSS  nanocomposites prepared by extruder. 

                      
              (a)                                                          (b)         

Figure 4.107 (a) SEM micrograph and  (b) Si mapping at 2000x magnification of 

LDPE/5%Oib POSS  nanocomposites prepared by extruder. 

4.5.1.2 Tensile properties 

   The tensile properties of the PP/POSS, LLDPE/Oib POSS, and LDPE/Oib POSS 

nanocomposites were measured and are plotted as a function of Oib POSS content in Figures 

4.108-4.110, 4.111-4.113, and 4.114-4.116 respectively. Also, the data are summarized in 

Table 4.14. The results show that the modulus of elasticity of the polymers increases upon 

addition of Oib POSS nanoparticles. In fact, POSS nanoparticles possess a modulus of 

elasticity of about 10 Gpa, and therefore the increase in the modulus of elasticity of the 

polymers is expected. However, the tensile strength decreases gradually due to the presence of 

aggregations, which act as weak points. Another explanation was presented by Baldi et al. 

(2007): The authors found a reduction in the mechanical properties of PP with a decrease in 
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Young’s modulus and in mechanical strength in the presence of octaisobutyl POSS. They 

suggested that POSS behaves like a particle with a hard inorganic siliceous core surrounded 

by organic hydrocarbons forming a soft shell, and therefore, the soft shell limits the transfer of 

stress from the polymer to the siliceous hard core. A reduction in mechanical properties of PP 

as well as PE with other types of POSS was also reported by Fina et al. (2010) and Nguyen et 

al. (2012). The authors suggest that this behavior is attributed to the aggregation of POSS 

which acts as weak point in the polymer matrix.    

   As is well known, elongation at break is an indicator of the toughness of a material. The 

elongation at break results of the nanocomposites show different trends depending strongly on 

the degree of compatibility between the polymer and Oib POSS nanoparticles, which has an 

effect on the crystallinity, and thus on the elongation at break. It is noted that the elongation at 

break of PP nanocomposites increases with increasing Oib POSS concentration, and increases 

by about 30% at 5% Oib POSS loading. This improvement can be ascribed to the increase in 

the degree of crystallinity of the nanocomposite in comparison to the virgin PP, which is 

already confirmed from DSC measurements.    

   In the case of LLDPE nanocomposites, the elongation at break values remains almost the 

same, whereas for LDPE, a reduction of about 10% by addition of 5% Oib POSS 

nanoparticles is observed, which is correlated with a decrease in the crystallinity of the 

polymer.  
 

 

Figure 4.108 Tensile modulus of pure PP and PP/Oib POSS nanocomposites prepared by 

extruder for different Oib POSS contents. 
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Figure 4.109  Tensile strength of pure PP and PP/Oib POSS nanocomposites prepared by 

extruder for different Oib POSS contents. 

 
 

Figure 4.110 Elongation percentage at break of pure PP and PP/Oib POSS nanocomposites 

prepared by extruder for different Oib POSS contents. 
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Figure 4.111 Tensile modulus of pure LLDPE and LLDPE/Oib POSS nanocomposites 

prepared by extruder for different Oib POSS contents. 

 

 

Figure 4.112 Tensile strength of pure LLDPE and LLDPE/Oib POSS nanocomposites 

prepared by extruder fort different Oib POSS contents. 
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Figure 4.113 Elongation percentage at break of pure LLDPE and LLDPE/Oib POSS 

nanocomposites prepared by extruder for different Oib POSS contents. 

 

 

Figure 4.114 Tensile modulus of pure LDPE and LDPE/Oib POSS nanocomposites prepared 

by extruder for different Oib POSS contents 
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Figure 4.115 Tensile strength of pure LDPE and LDPE/Oib POSS nanocomposites prepared 

by extruder for different Oib POSS contents. 

 

Figure 4.116 Elongation percentage at break of pure LDPE and LDPE/Oib POSS 

nanocomposites prepared by extruder for different Oib POSS contents. 
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Table 4.14 Variation of tensile properties of pure PP, LLDPE and LDPE as well as their 

nanocomposites prepared by extruder for different Oib POSS content. 

            Sample  
Tensile modulus       

(MPa) 
Tensile strength 

(MPa) 
Elongation at 

break (%) 
   
 PP 

 
       232±14.0 

 
      33.9±0.4 

 
16.5±1.5 

 PP/2%Oib POSS        270±20.5       32.7±0.6 19.0±3.0 
 PP/5%Oib POSS        251±27.5       30.5±0.5 21.5±1.5 
    
 LLDPE 153±11.5       17.2±1.3     490±60.0 
 LLDPE/2%Oib POSS        156±8.5       16.7±0.4     490±20.0 
 LLDPE/5%Oib POSS        154±14.0       16.2±0.6     500±10.0 
    
 LDPE        120±11.0       18.8±0.4     91.5±3.5 
 LDPE/2%Oib POSS        169±20.5       17.2±1.3     85.0±7.0 
 LDPE/5%Oib POSS        134±12.0       17.7±0.6     82.5±2.5 

 

4.5.1.3 Flexural properties 

   The variations of flexural properties of PP/Oib POSS, LLDPE/Oib POSS, and LDPE/Oib 

POSS nanocomposites are summarized in Table 4.15. It is clearly seen from the data as well 

as from Figures 4.117 and 4.118 that the flexural modulus of PP is unchanged upon addition 

of 2% nanoparticles, but decreases in the presence of 5% of Oib POSS. Milliman et al. (2012) 

reported decreases in flexural properties of polysulfon by addition of 5% of POSS. The 

authors suggest that this behavior results from the migration of POSS to the interior part of 

the nanocomposite sample during the injection molding process. The non-uniform distribution 

of Oib POSS nanoparticles in PP/Oib POSS nanocomposite samples could be the reason for 

this reduction in the flexural properties.  

   The variations of flexural modulus and flexural strength of LLDPE with and without POSS 

content are shown in Figures 4.119 and 4.120. It can be seen that flexural modulus and 

flexural strength show no significant improvement with POSS loading. In the case of LDPE 

nanocomposites, it is interesting to find that the flexural properties of LDPE improve with 

incorporation of Oib POSS: Both flexural modulus and flexural strength increased by 22% 

and 11%, respectively, in the presence of 5% of nanoparticles as shown in Figures 4.121 and 

4.122. 
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Figure 4.117 Flexural modulus of pure PP and PP/Oib POSS nanocomposites prepared by 

extruder for different Oib POSS contents. 

 

 

Figure 4.118 Flexural strength of pure PP and PP/Oib POSS nanocomposites prepared by 

extruder for different Oib POSS contents. 
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 Figure 4.119 Flexural modulus of pure LLDPE and LLDPE/Oib POSS nanocomposites 

prepared by extruder for different Oib POSS contents. 
 

 

Figure 4.120 Flexural strength of pure LLDPE and LLDPE/Oib POSS nanocomposites 

prepared by extruder for different Oib POSS contents. 
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Figure 4.121 Flexural modulus of pure LDPE and LDPE/Oib POSS nanocomposites prepared 

by extruder for different Oib POSS contents. 

 

 

Figure 4.122 Flexural strength of pure LDPE and LDPE/Oib POSS nanocomposites prepared 

by extruder for different Oib POSS contents. 
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Table 4.15 Variation of flexural properties of pure PP, LLDPE and LDPE as well as their 

nanocomposites prepared by extruder for different Oib POSS contents. 

            Sample  Flexural modulus       
(MPa) 

Flexural strength 
(MPa) 

   
 PP 1189±41.1 28.3±0.7 
 PP/2%Oib POSS 1186±41.0 28.3±0.3 
 PP/5%Oib POSS 1110±59.2 26.8±0.3 
   
 LLDPE         284±9.6 6.1±0.2 
 LLDPE/2%Oib POSS         277±11.9 5.9±0.1 
 LLDPE/5%Oib POSS         284±10.9 6.2±0.2 
   
 LDPE         245±11.7 6.1±0.1 
 LDPE/2%Oib POSS         273±13.3 6.4±0.3 
 LDPE/5%Oib POSS         298±15.8 6.8±0.2 

 

4.5.2 Polyolefin/Tsp POSS nanocomposites 

4.5.2.1 SEM analysis 

   The dispersion of Tsp POSS nanoparticles in the PP, LLDPE, and LDPE matrices was 

studied by using scanning electron microscopy (SEM). The test samples were cut from the 

injection molded specimens. The SEM images of PP/2%Tsp POSS and PP/5%Tsp POSS 

nanocomposites are presented in Figures 4.123 and 4.124. From these images we observe that 

with addition of 2% of Tsp POSS to PP, the nanoparticles are uniformly dispersed on a 

nanometric scale in the matrix with some aggregates less than 500 nm in diameter, whereas 

increasing the Tsp POSS content to 5% led to increasing aggregation. These results are 

confirmed by the rheology measurement in which the viscosity of the nanocomposite 

decreases at low Tsp POSS content (2%), and increases when the Tsp POSS content is 

increased to 5%.  

   The production of LLDPE/Tsp POSS and LDPE/Tsp POSS by using the extruder leads to 

nanocomposites with aggregates in the micrometer scale (see Figures 4.125-4.128). These 

aggregates become larger with increasing the Tsp POSS content to 5%, which is more 

obvious for LDPE/Tsp POSS than LLDPE/Tsp POSS nanocomposites.  
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           (a)                                                          (b)         

Figure 4.123 (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

PP/2%TspPOSS nanocomposites prepared by extruder. 

                            
 

           (a)                                                           (b)         

Figure 4.124 (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

PP/5%TspPOSS nanocomposites prepared by extruder. 

           
 

             (a)                                                           (b)         
 

Figure 4.125  (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

LLDPE/2%Tsp POSS nanocomposites prepared by extruder. 
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            (a)                                                             (b)         

 
Figure 4.126 (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

LLDPE/5%Tsp POSS nanocomposites prepared by extruder. 

 

                                                           
 

              (a)                                                            (b)         
 

Figure 4.127 (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

LDPE/2%Tsp POSS nanocomposites prepared by extruder. 

 

                         
 

              (a)                                                           (b)         
Figure 4.128 (a) SEM micrograph and (b) Si mapping at 2000x magnification of 

LDPE/5%Tsp POSS nanocomposites prepared by extruder. 
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4.5.2.2 Tensile properties 

   The tensile properties of the LLDPE/Tsp POSS, LDPE/Tsp POSS, and PP/Tsp POSS 

nanocomposites are presented in Figures 4.129-4.131, 4.132-4.134 and 4.135-137,  

respectively, and are summarized in Table 4.16. The mechanical properties of Tsp POSS 

nanocomposites are almost similar to Oib POSS nanocomposites. The data show that the 

modulus of elasticity improves with the addition of Tsp POSS nanoparticles. This 

improvement is accompanied by a small reduction in the tensile strength. Also, a small 

enhancement in the elongation at break of the PP/2%Tsp POSS compared with pure PP was 

observed. This improvement could be due to the fine distribution of the nanoparticles as 

confirmed by SEM analysis. However, the elongation at break decreases with further 

nanoparticles loading. Also, the elongation at break of LDPE decreases in the presence of Tsp 

POSS at all loadings, whereas in the case of LLDPE and its nanocomposites, the changes are 

insignificant. Milliman et al. (2012) reported a decrease in tensile properties of polysulfone 

with addition of Tsp POSS. The authors claim that the reduction in mechanical properties 

results from the micro-aggregates of Tsp POSS in the matrix.   

 

 

 

 

 

Figure 4.129 Tensile modulus of pure PP and PP/Tsp POSS nanocomposites prepared by 

extruder for different Tsp POSS contents. 
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Figure 4.130  Tensile strength of pure PP and PP/Tsp POSS nanocomposites prepared by 

extruder for different Tsp POSS contents. 
  

 
 

Figure 4.131 Elongation at break of pure PP and PP/Tsp POSS nanocomposites prepared by 

extruder for different Tsp POSS contents. 
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Figure 4.132 Tensile modulus of pure LLDPE and LLDPE/Tsp POSS nanocomposites 

prepared by extruder for different Tsp POSS contents. 
 

 
Figure 4.133 Tensile  strength of pure LLDPE and LLDPE/Tsp POSS nanocomposites 

prepared by extruder for different Tsp POSS contents. 
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Figure 4.134 Elongation at break of pure LLDPE and LLDPE/Tsp POSS nanocomposites 

prepared by extruder for different Tsp POSS contents. 

 

 
 
Figure 4.135 Tensile modulus of pure LDPE and LDPE/Tsp POSS nanocomposites prepared 

by extruder for different Tsp POSS contents. 
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Figure 4.136 Tensile  strength of pure LDPE and LDPE/Tsp POSS nanocomposites prepared 

by extruder for different Tsp POSS contents. 

 

 
 

Figure 4.137 Elongation at break of pure LDPE and LDPE/Tsp POSS nanocomposites 

prepared by extruder for different Tsp POSS contents. 
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Table 4.16 Variation of tensile properties of pure PP, LLDPE and LDPE as well as their 

nanocomposites prepared by extruder for different Tsp POSS content. 

            Sample  
Tensile modulus       

(MPa) 
Tensile strength 

(MPa) 
Elongation 

at break (%) 
   
 PP 

 
       231±20.0 

 
      33.9±0.4 

 
16.0±3.0 

 PP/2%Tsp POSS        232±9.5       33.5±0.3 19.0±2.0 
 PP/5%Tsp POSS        259±13.5       31.8±0.7 14.0±2.0 
    
 LLDPE 147±16.0       17.5±0.6 500±40.0 
 LLDPE/2%Tsp POSS 154±17.5       16.5±0.1 490±10.0 
 LLDPE/5%Tsp POSS 149±10.0       15.9±0.7 490±20.0 
    
 LDPE 129±12.5       17.6±0.5     98±2.0 
 LDPE/2%Tsp POSS        191±28.0       17.3±0.6     92±5.0 
 LDPE/5%Tsp POSS        184±33.0       16.6±0.4     86±3.5 

 

4.5.2.3 Flexural properties 

   Flexural tests were also made for pure PP, LLDPE, and LDPE as well as their Tsp POSS 

nanocomposites. The variation of flexural modulus and flexural strength of PP, LLDPE, and 

LDPE nanocomposites with Tsp POSS content are shown in Figures 4.138-4.139, 4.140-

4.141 and 4.142-4.143, respectively, and the data are summarized in Table 4.17. Unlike the 

tensile test results, the flexural results of all polymer samples show an improvement upon 

addition of the Tsp POSS nanoparticles, and with increasing loading of Tsp POSS, both 

flexural modulus and flexural strength show an increase.  
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Figure 4.138 Flexural modulus of pure PP and PP/Tsp POSS nanocomposites prepared by 

extruder for different Tsp POSS contents. 
 

 

Figure 4.139 Flexural strength of pure PP and PP/Tsp POSS nanocomposites prepared by 

extruder for different Tsp POSS contents. 
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Figure 4.140 Flexural modulus of pure LLDPE and LLDPE/Tsp POSS nanocomposites 

prepared by extruder for different Tsp POSS contents. 
 

 

Figure 4.141 Flexural strength of pure LLDPE and LLDPE/Tsp POSS nanocomposites 

prepared by extruder for different Tsp POSS contents. 
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Figure 4.142 Flexural modulus of pure LDPE and LDPE/Tsp POSS nanocomposites prepared 

by extruder for different Tsp POSS contents. 
 

 

Figure 4.143 Flexural strength of pure LDPE and LDPE/Tsp POSS nanocomposites prepared 

by extruder for different Tsp POSS contents. 
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Table 4.17 Variation flexural properties of pure PP, LLDPE and LDPE as well as their 

nanocomposites prepared by extruder for different Tsp POSS contents. 

            Sample  Flexural modulus       
(MPa) 

Flexural strength 
(MPa) 

   
 PP 1168±43.0 27.7±0.2 
 PP/2%Tsp POSS 1247±31.5 29.9±0.2 
 PP/5%Tsp POSS 1290±24.8 30.1±0.4 
   
 LLDPE         277±14.9 6.10±0.1 
 LLDPE/2% Tsp POSS         290±7.5 6.43±0.2 
 LLDPE/5% Tsp POSS         310±4.8 6.84±0.1 
   
 LDPE         234±9.2 5.75±0.2 
 LDPE/2% Tsp POSS         288±13.4 6.83±0.3 
 LDPE/5% Tsp POSS         298±8.8 7.22±0.2 
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Chapter 5  

          Results and discussion of Polyethylene/Boehmite composites  
 

 

5.1 Rheological and thermal properties of Polyethylene/Boehmite 

composites prepared by single screw extruder  

   The present study deals with the effect of particle size and its concentration on the 

properties of boehmite filled polyethylene. Two types of boehmite, BA40 and BA80, with 

different crystallite size (43 and 74.4 nm, respectively) were used as fillers, while LLDPE and 

LDPE were used as matrices. 

5.1.1 Rheological analysis 

   Rheological measurements of all the BA composites tested in this study were performed at a 

temperature of 175°C. The complex viscosity versus frequency of the LLDPE and LDPE with 

BA40 composites at different filler contents are presented in Figures 5.1 and 5.2, respectively. 

It is clearly seen from the figures that all the curves decrease as frequency increases, 

indicating non-Newtonian flow behavior. Also, it is important to note that the complex 

viscosity of LLDPE is not significantly affected by presence of the filler at both boehmite 

loadings. This could be attributed to the good compatibility between boehmite particles and 

the LLDPE matrix. Unlike in the case of the LLDPE/BA40 composites, the complex viscosity 

of the LDPE nanocomposites increases upon addition of BA40 particles. This may be 

explained by considering the distribution of boehmite which forms aggregates of the particles 

at higher loadings, which decreases the polymer chain mobility. These results are somewhat 

different from the results reported by Khumalo et al. (2010) as well as Blaszczak et al. (2010). 

Khumalo et al. (2010) found that the complex viscosity remains unchanged with incorporation 

of BA40 and BA80 in LDPE matrix, and they claim that this behavior is due to the weak 

interactions between the filler and the host polymer. Moreover, Blaszczak et al. (2010) found 

that the viscosity of LDPE decreases in the presence of the BA particles and the authors claim 

that boehmite particles help to fill the spaces between the LDPE chain branches and decrease 

the number of entanglements of the polymer, which enhances the flowability of the polymer.  

   The plots of log G’ and G’’ versus log of angular frequency resulting from dynamic 

frequency scan measurements for LLDPE/BA40 and LDPE/BA40 composites with various % 
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of BA40 are shown in Figures 5.3 and 5.4, respectively. By studying these figures one can say 

that there is no significant change in the storage and loss moduli of LLDPE and LDPE by 

addition of boehmite even when increasing the BA load to 5%.  

   Also it is noteworthy that the rheological properties of the LLDPE and LDPE are not 

affected by the type of boehmite as the same results were obtained with addition of BA80 to 

LLDPE and LDPE (see Appendix D). 

  

 

Figure 5.1 Change of complex viscosity with angular frequency of pure LLDPE and 

LLDPE/BA40 composites prepared by extruder for different BA40 contents. 

 

Figure 5.2 Change of complex viscosity with angular frequency of pure LDPE and 

LDPE/BA40 composites prepared by extruder for different BA40 contents. 



Chapter V Results and discussion of Polyethylene/Boehmite composites  

157 

 

 

(a) 

 
(b) 

Figure 5.3 Change of storage and loss modulus with angular frequency of pure LLDPE and 

LLDPE/ BA40 composites prepared by extruder for different BA40 contents. (a) with 2% 

BA40 content. (b) with 5% BA40 content. 
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(a) 

 
(b) 

Figure 5.4 Change of storage and loss modulus with angular frequency of pure LDPE and 

LDPE/ BA40 composites prepared by extruder for different BA40 contents. (a) with 2% 

BA40 content. (b) with 5% BA40 content. 

5.1.2 Melt Flow Index analysis 

   Melt flow index measurements of the composites were carried out at 190ºC and under 10 kg 

weight. MFI analysis results of LLDPE and LDPE with the two types of BA (BA40 and 

BA80) are presented in Table 5.1. The MFI values of LLDPE/BA40 and LLDPE/BA80 

composites show small differences compared with pure polymer. For the LDPE/BA40 

composites, the MFI decreased with addition of 5% BA40 from 5.33 for the neat LDPE to 
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4.31 g/10 min for the nanocomposite. However, the effect of BA80 on LDPE is less 

pronounced. The MFI results support the complex viscosity data that show increases in the 

complex viscosity with increasing the BA content for LDPE, whereas no such effect is found 

for LLDPE.    

 

Table 5.1 MFI of pure LLDPE and LDPE as well as their composites for different BA 

contents. 

Sample MFI (g/10min) at 
190 ºC,10 kg 

  
 LLDPE 

 
6.40 

 LLDPE/2% BA40 6.40 
 LLDPE/5% BA40 
 LLDPE/2% BA80 
 LLDPE/5% BA80 
 

6.00 
6.28 
6.24 

 
 LDPE 5.33 
 LDPE/2% BA40 4.48 
 LDPE/5% BA40 
 LDPE/2% BA80 
 LDPE/5% BA80 
 

4.31 
5.06 
4.80 

 

5.1.3 DSC analysis  

    Differential scanning calorimetry has been used to study the melting and the crystallization 

characteristics of the PE/BA composites. The samples were heated from 25 to 200°C and then 

cooled to 25°C at 10°C/min heating/cooling rate. Then the heating and cooling cycle was 

repeated. Figures 5.5 and 5.6 show the second heating and cooling DSC curves of 

LLDPE/BA40 and LDPE/BA40, respectively. The corresponding values from the curves are 

summarized in Table 5.2. The results show that the melting peaks of the polymers remain 

constant by addition of BA40. The crystallization temperatures of virgin LLDPE and LDPE 

are detected at 109.92 and at 102.18°C, respectively, and it is noted that the incorporation of 

BA40 in the PE matrix leads to an increase of these values of about 2-4 K. However, it is 

clearly seen from the experimental values listed in Table 5.2 that the crystallinity of LLDPE is 

slightly raised by BA40 incorporation, whereas the crystallinity of LDPE remains unchanged 

with 2% filler content, and decreases with further loading. 
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   The DSC results of LLDPE/BA80 and LDPE/BA80 are almost similar to results obtained 

by addition of BA40. The crystallinity of LLDPE is unchanged with addition of BA80, while 

the crystallinity of LDPE increases slightly (see Table 5.2 and Appendix E). 

   Accordingly, it can be concluded from the results that BA particles can act as a nucleating 

agent for PE. The nucleating effect of BA was also reported by Khumalo et al. (2010) and 

Streller et al. (2008). Khumalo et al. (2010) found that the BA acts as a weak nucleating agent 

in LDPE and HDPE. They also found that in LDPE, the nucleating efficiency of BA80 is 

higher than of BA40. Moreover, Streller et al. (2008) reported an increase of about 14 K in 

the crystallization temperature of PP upon adding 10% of BA40, and the authors suggest that 

the nanofiller acts as nucleating agent for polypropylene. 

 

 

Figure 5.5 DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/BA40 

composites prepared by extruder for different BA40 contents. 
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Figure 5.6 DSC 2nd heating and cooling curves of pure LDPE and LDPE/BA40 composites 

prepared by extruder for different BA40 contents. 

Table 5.2 Variation of melting and crystallization characteristics of pure LLDPE and LDPE 

as well as their composites prepared by extruder for different BA contents. 

Sample  Tm,max (°C) Tc (°C) Hm (J/g) Xc (%) 

  
 LLDPE 123.76 109.92 113.02 38.56 
 LLDPE/2% BA40 123.98 112.27 118.22 40.34 
 LLDPE/5% BA40 
 LLDPE/2% BA80 
 LLDPE/5% BA80 
 

124.11 
124.26 
124.44 

113.79 
112.35 
113.33 

117.99 
114.56 
111.43 

40.26 
39.08 
38.01 

 LDPE 114.62 102.18 120.58 41.13 
 LDPE/2% BA40 115.49 104.56 121.08 41.31 
 LDPE/5% BA40 
 LDPE/2% BA80 
 LDPE/5% BA80 
 

     115.55 
115.38 
115.58 

104.85 
104.68 
104.64 

114.54 
127.24 
128.39 

39.07 
43.41 
43.80 
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5.2 Morphological and mechanical properties of Polyethylene/Boehmite 

composites prepared by single screw extruder  

5.2.1 SEM analysis 

   Scanning electron microscopy (SEM) was used to characterize the morphology of BA filled 

LLDPE and LDPE composites. SEM images show that small particles of BA40 are visible as 

bright spots in PE matrices. From the micrographs of LLDPE/BA40 composites it is clearly 

seen the distribution of the filler is on the sub-micrometer scale (see Figures 5.7a and 5.7b). 

The macroscopic surface structure of LLDPE/2%BA40 nanocomposite looks smoother than 

that of LLDPE/5%BA40 composite. Similar results are found for LDPE/BA40 composites 

(Figures 5.8a and 5.8b). 

   In the case of using BA80 as filler in LLDPE and LDPE, the micrographs show the same 

results obtained with using BA40, but it seems that the distribution of BA80 in LLDPE is 

better than that of BA40 at both filler loadings (see Appendix F). However, Khumalo et al. 

(2010) observed a nanoscale and homogeneous distribution of BA40 and BA80 in HDPE as 

well as in LDPE matrices, a result, which is somewhat different from that of our SEM 

findings. 

 

                                                                             

         (a)                                                              (b)         
Figure 5.7 SEM micrograph of (a) LLDPE/2% BA40 composite, (b) LLDPE/5% BA40 

composite at 2000x magnification prepared by extruder. 
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       (a)                                                              (b)         

Figure 5.8 SEM micrograph of (a) LDPE/2%BA40 composite, (b) LDPE/5%BA40 

composite at 2000x magnification prepared by extruder. 

 
 
5.2.2 Tensile properties 

 
   Tensile properties of LLDPE/BA and LDPE/BA composites were evaluated, and the results 

are presented in Figures 5.9-5.11 and 5.12-5.14, respectively, as well as summarized in Table 

5.3. It is seen from Figures 5.9-5.11 that the tensile properties of the LLDPE composites 

depend on the BA40 content. The values of tensile modulus, tensile strength and elongation at 

break all increase with the increasing BA40 content. The tensile modulus of pure LLDPE is 

improved by 16% by incorporation of 5% of BA particles, while the tensile strength and the 

elongation at break are enhanced by 17.5% and 23%, respectively. This means that the BA40 

particles provide reinforcement to the LLDPE. 

   In contrast to LLDPE/BA40 composites, LDPE/BA40 composites show a different 

behavior: The presence of BA40 particles leads to a reduction of the tensile strength and the 

elongation at break of LDPE, whereas the tensile modulus increases. Furthermore, the 

reduction in the mechanical properties increases with increasing the BA loading (see Figures 

5.12-5.14).  

   Similar trends are observed also in BA80 filled LLDPE and LDPE systems (see Appendix 

G), and it seems that the improvement in mechanical properties of LLDPE is more 

pronounced by addition of BA80. 

   In fact, it is reported by several authors such as Stroller et al. (2008), Brostow et al. (2009) 

and Bravet et al. (2010) that the addition of BA particles enhances the stiffness of the 

polymers. Moreover, Khumalo et al. (2010) found that BA acts as reinforcement filler in 
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LDPE more than in HDPE. Young’s modulus is improved and influenced by the BA type, 

suggesting that this behavior is due to the lower crystallinity of LDPE with respect to HDPE. 

Moreover, it was shown that incorporation of BA improves the ductility of HDPE, while there 

is no such effect with LDPE. 

    

 
Figure 5.9 Tensile modulus of pure LLDPE and LLDPE/BA40 composites prepared by 

extruder for different BA40 contents. 
 

 
Figure 5.10 Tensile strength of pure LLDPE and LLDPE/BA40 composites prepared by 

extruder for different BA40 contents. 
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Figure 5.11 Elongation at break of pure LLDPE and LLDPE/BA40 composites prepared by 

extruder for different BA40 contents. 

 
Figure 5.12 Tensile modulus of pure LDPE and LDPE/BA40 composites prepared by 

extruder for different BA40 contents. 
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Figure 5.13 Tensile strength of pure LDPE and LDPE/BA40 composites prepared by extruder 

for different BA40 contents. 
 

 
Figure 5.14 Elongation at break of pure LDPE and LDPE/BA40 composites prepared by 

extruder for different BA40 contents. 
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Table 5.3 Variation of tensile properties of pure LLDPE and LDPE as well as their 

composites prepared by extruder for different BA contents. 

Sample  Tensile modulus       
(MPa) 

Tensile strength 
(MPa) 

Elongation at 
break (%) 

  
 LLDPE 138±3.5 16.6±0.7 470±40 
 LLDPE/2% BA40 144±7.5 18.2±0.4 530±10 
 LLDPE/5% BA40 
 LLDPE/2% BA80 
 LLDPE/5% BA80 

 

160±8.0 
151±7.5 

  162±15.5 
 

19.5±0.5 
19.9±0.7 
21.6±0.7 

580±20 
580±30 
610±20 

 LDPE        123±6.0        17.8±0.5       96±2.0 
 LDPE/2% BA40  144±16.5        14.8±0.2       91±3.0 
 LDPE/5% BA40 
 LDPE/2% BA80 
 LDPE/5% BA80 
 

 164±32.5 
       121±7.5 

 147±14.5 

       14.7±0.1 
       14.7±0.2 
       15.0±0.4 

78.5±4.5 
 87.5±5.5 

      85±4.0 

 

5.2.3 Flexural properties 

   The flexural properties of the LLDPE/BA and LDPE/BA composites were characterized by 

three-point bending flexural test. The effects of BA40 loading on the flexural properties of 

LLDPE and LDPE are presented in Figures 5.15-5.16 and 5.17-5.18, respectively, and are 

summarized in Table 5.4 Encouraging results were observed in flexural tests, in which the 

incorporation of BA enhances the flexural modulus and flexural strength of both LLDPE and 

LDPE at all filler loadings. For example, the flexural modulus of LLDPE is about 278 MPa, 

and by addition of 2% of BA40, the flexural modulus increases to 315 MPa, which is an 

increase of 13%. The flexural properties increase significantly with higher loading of BA40. 

Increments in the flexural properties of LLDPE and LDPE are also observed in the presence 

of BA80 (see Appendix H), but it seems that the percentage of improvement in the flexural 

properties by addition of BA80 is less than that with BA40. 
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Figure 5.15 Flexural modulus of pure LLDPE and LLDPE/ BA40 nanocomposites prepared 

by extruder for different BA40 contents. 

 

 

Figure 5.16 Flexural strength of pure LLDPE and LLDPE/ BA40 nanocomposites prepared 

by extruder for different BA40 contents. 
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Figure 5.17 Flexural modulus of pure LDPE and LDPE/ BA40 nanocomposites prepared by 

extruder for different BA40 contents. 

 

 

Figure 5.18 Flexural strength of pure LDPE and LDPE/ BA40 nanocomposites prepared by 

extruder for different BA40 contents. 
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Table 5.4 Variation of flexural properties of pure LLDPE and LDPE as well as their 

nanocomposites prepared by extruder for different BA contents. 

Sample  Flexural modulus       
(MPa) 

Flexural strength 
(MPa) 

  
 LLDPE         278±7.2         5.9±0.2 
 LLDPE/2% BA40         315±13.1         6.4±0.2 
 LLDPE/5% BA40 
 LLDPE/2% BA80 
 LLDPE/5% BA80 

 

        324±12.7 
        290±7.8 
        295±12.2 

        6.6±0.2 
        5.9±0.2 
        6.1±0.1 
 

 LDPE         252±11.6         6.1±0.1 
 LDPE/2% BA40         276±5.4         6.2±0.1 
 LDPE/5% BA40 
 LDPE/2% BA80 
 LDPE/5% BA80 
 

311±14.1 
279±20.0 

        286±7.9 

        6.9±0.2 
        6.2±0.3 
        6.3±0.2 
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Chapter 6 

Conclusions and future work 
6.1 Conclusions 

   The following conclusions can be drawn: 

1. In the present work, two different types of POSS were chosen as nanofillers: 

octaisobutyl POSS (Oib POSS) with a closed cage structure, and trisilanolphenyl 

POSS (Tsp POSS) with an open cage structure. From the thermal analysis of these 

nanoparticles, it can be concluded that: 

• Oib POSS nanoparticles are partially melted when heated to high temperatures such as 

270 or 300°C for 10 min, but this is accompanied by losing parts of the Oib POSS 

organic fractions and results in the formation of an amorphous structure. 

• In the case of Tsp POSS, partially molten nanoparticles without change in of the Tsp 

POSS structure can be obtained by heating the nanoparticles to 220°C for 10 min. On 

the other hand, heating Tsp POSS nanoparticles to 240°C for 10 min leads to 

completely molten nanoparticles. However, this is accompanied by a loss of the 

hydroxyl groups of Tsp POSS molecule and the formation of an amorphous structure 

due to POSS-POSS condensation reactions. 

2. PE/Oib POSS and PE/Tsp POSS nanocomposites were produced by brabender at 

different mixing temperatures to investigate the effect of the processing temperature 

on the dispersion state of the nanoparticles in PE matrices. The thermal and 

rheological properties of PE/POSS nanocomposites were investigated. Two types of 

polyethylene were used as matrices, LLDPE and LDPE. From these results it can be 

concluded that: 

• No chemical linkage is formed between LLDPE or LDPE and Oib POSS molecules at 

all processing temperatures.  

• Interactions with Tsp POSS molecules occur with both types of PE.  

• Distribution of Oib POSS nanoparticles on the micrometer scale in LLDPE and LDPE 

can be obtained at mixing temperatures less than 270°C. Increasing the mixing 

temperature to 270°C enhances the dispersion state of the nanoparticles, which melt at 

this temperature at least partially. Better dispersion of Oib POSS in LLDPE was 

obtained than in LDPE. 
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• Tsp POSS molecules tend to aggregate on a sub-micrometer scale in LLDPE, and the 

level of agglomerations decreases with increasing the mixing temperature to the 

melting temperature of Tsp POSS at 220°C. Increasing the mixing temperature of 

LDPE/Tsp POSS nanocomposites to 220°C or 250°C leads to some improvement of 

dispersion as in case of LLDPE/Tsp POSS nanocomposites.  

• Oib POSS particles act as lubricating or plasticizing agent, so that it can be used to 

enhance the processability of PE. 

• In contrast, the complex viscosity of LLDPE and LDPE increases somewhat in the 

presence of Tsp POSS at all processing temperatures due to the formation of chemical 

linkages between the hydroxyl groups of Tsp POSS molecules and PE chains, which 

restrict polymer chain movements.  

• The presence of Oib POSS or Tsp POSS does not affect the melting and crystallization 

temperatures of PE. 

3. In the present work we studied also the morphological, thermal, rheological as well as 

the mechanical properties of polyolefin/polyhedral oligomeric silsesquioxane (POSS) 

nanocomposites produced by mixing in a single screw extruder at different nanofiller 

loadings. From the results it can be concluded that: 

• Oib POSS nanoparticles are distributed on the micrometer scale in PP, LLDPE and 

LDPE. In the case of LLDPE and LDPE, the distribution of the nanoparticles in the 

nanocomposites produced by brabender is better than in the nanocomposites produced 

by the extruder. 

• Nanometric scale dispersion of Tsp POSS nanoparticles in a PP matrix can be 

obtained by the addition of a low nanofiller content, whereas agglomerations on a  

sub-micrometer scale may be formed by addition of 5% of Tsp POSS. Preparation of 

LLDPE/Tsp POSS and LDPE/Tsp POSS by using the extruder can lead to 

nanocomposites with aggregates on the micrometer scale and this is more obvious in 

the case of LDPE/Tsp POSS nanocomposites. 

• The complex viscosity of PP can be reduced by addition 5% of Oib POSS; however, 

the lubricating effect of Oib POSS is not evident for PE/Oib POSS systems. 

• The viscosity of PP can be also reduced by using 2% of Tsp POSS as nanofiller, 

whereas the complex viscosity of PE remains almost unchanged by addition Tsp 

POSS nanoparticles. 
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•  The tensile modulus of LLDPE, LDPE and PP can be enhanced by the addition of Oib 

POSS or Tsp POSS, but this is accompanied by a reduction in the tensile strength of 

the polymer nanocomposites. The elongation at break of PP nanocomposites is 

increased upon adding Tsp POSS, whereas it is reduced by Oib POSS. In the case of 

PE, the elongation at break decreases for LDPE and remains almost unchanged in the 

case of LLDPE for both types of POSS. 

• The flexural properties of PP decrease in the presence of Oib POSS, but increase with 

Tsp POSS. In the case of LLDPE and LDPE, the flexural properties can be enhanced 

by addition of both types of POSS.   

4. LLDPE and LDPE composites based on two types of boehmite, BA40 and BA80, with 

2 and 5% loadings were prepared using the single screw extruder. The rheological, 

thermal, morphological and mechanical properties were investigated and compared to 

unfilled PE, and it can be concluded from the results that: 

• The properties of PE/BA composites strongly depend on the type of polyethylene 

more than on the type of BA, and the properties of PE/BA40 composites are similar to 

that the corresponding properties of PE/BA80 composites. 

• The complex viscosity of LLDPE is unchanged by addition of 2 and 5% of BA 

particles, while it increases in the case of LDPE. 

• The distribution of BA in PE/BA composites is on the sub-micrometer scale  

• BA particles act as reinforcement filler for LLDPE, and the tensile and flexural 

properties are enhanced upon addition of BA particles. Conversely, in the case of 

LDPE, the improvement in flexural properties is accompanied by a decrease in the 

tensile strength and elongation at break. 

 

6.2 Scope for future works 

   Based on the investigations carried out in this thesis and the results obtained, the following 

recommendations are made for further work:  
• Gel Permeation Chromatograph (GPC) may be used to confirm the interaction 

between the Tsp POSS molecules and PE. 

• The thermal stability of POSS nanocomposites and BA composites may be studied by 

using Thermo-Gravimetric Analysis (TGA). 
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• In the present work both types of nanofillers (POSS and BA) were used without the 

aid of coupling agents. The effectiveness of type and concentration of coupling agents 

such as silanes may be evaluated. 

• The nanocomposites investigated in this work were produced by the melt 

blending method. Other dispersion methods could be applied to produce 

PE/Oib POSS and PE/Tsp POSS nanocomposites such as e.g. the solution 

method. In this way, the effect of the preparation method on the dispersion 

state and the properties of the nanocomposites could be investigated. 
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Chapter 7 

Appendix 

Appendix A- List of most common symbols 

Symbol                    Meaning 
  
τ Shear stress 
γ strain 
G Shear modulus 

 Strain rate 
η Viscosity 
λ Relaxation time 
ω Frequency 

 Strain amplitude 
 Stress amplitude 

δ Phase shift angle 
 G’ Elastic (storage) modulus 

  G’’ Viscous (loss) modulus 
tan δ Loss factor 
  η* Complex viscosity 
 η’ Real part of the complex viscosity 

  η’’ Imaginary part of the complex viscosity 
ΔHm Enthalpy of fusion 

   ΔH°m Enthalpy of fusion of 100% crystalline of polymer 
 Xc Degree of crystallinity 
σf Flexural stress 
F Force 
εf Flexural strain 
s Deflection of the specimen 

 Ef 
 

Flexural modulus 
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Appendix B- List of abbreviations 

Symbol                Meaning 
  

POSS Polyhedral oligosilsesquioxane 
Tsp POSS Trisilanolphenyl POSS 
Oib POSS Octaisobutyl POSS 
BA Boehmite 
LLDPE Linear low density polyethylene 
LDPE Low density polyethylene 
PP Polypropylene 
SWNTs Single-walled nanotubes 
MWNTs Multi-wall nanotubes 
MMT Montmorillonite 
TEOS Tetraethoxysilane 
Rg Radius of gyration 
PC Polycarbonate 
PA6 Polyamide 6 
PMMA Polymethyl methacrylate 
PTT Trimethylene terephthalate 
PS Polystyrene 
HDPE High-density polyethylene 
MAPP Maleic anhydridegrafted PP 
OapPOSS Octaaminophenyl POSS 
DBS Dibenzylidene sorbitol 
Sp.gr Specific gravity 
DSC Differential Scanning Calorimetry 
Tm Melting temperature 
Tc Crystalization temperature 
Td Decompostion temperature 
FTIR Fourier Transform Infrared Spectroscopy 
MFI Melt Flow Index 
SEM Scanning Electron Microscopy 
DSR Dynamic Shear Rheometer 
LVE 
% 
 

Linear viscoelastic 
 Percent by weight 
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Appendix C- FTIR curves of PE/POSS nanocomposites samples 

FTIR spectra of LLDPE and LLDPE/2%Tsp POSS nanocomposites prepared by brabender at 

220ºC mixing temperature and 14 min residence time (shows the Si-O-C peak at 1060cm-1).
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at 

250ºC mixing temperature and 10 min residence time (shows the Si-O-C peak at 1060cm-1). 
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FTIR spectra of LDPE and LDPE/2%Tsp POSS nanocomposites prepared by brabender at 

         

220ºCmixing temperature and 14 min residence time (shows the Si-O-C peak at 1060cm-1). 
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FTIR spectra of LDPE and LDPE/2%Tsp POSS nanocomposites prepared by brabender at 

 

250ºC mixing temperature and 14 min residence time (shows the Si-O-C peak at 1060cm-1). 
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FTIR spectra of LLDPE and LLDPE/Oib POSS nanocomposites prepared by extruder.
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FTIR spectra of LDPE and LDPE/Oib POSS nanocomposites prepared by extruder. 
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FTIR spectra of LLDPE and LLDPE/Tsp POSS nanocomposites prepared by extruder . 
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FTIR spectra of LDPE and LDPE/Tsp POSS nanocomposites prepared by extruder. 
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Appendix D- Rheology curves of the samples 

Change of complex viscosity with angular frequency of pure LLDPE and LLDPE/Oib POSS 

 

nanocomposites prepared by extruder for different Oib POSS contents. 

 

 

Change of complex viscosity with angular frequency of pure LDPE and LDPE/Oib POSS 

     

nanocomposites prepared by extruder for different Oib POSS contents. 
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Change of storage and loss modulus with angular frequency of pure LLDPE and LLDPE/Oib 

 

POSS nanocomposites prepared by extruder for different Oib POSS contents. 

 
 

 

Change of storage and loss modulus with angular frequency of pure LDPE and LDPE/Oib 

POSS nanocomposites prepared by extruder for different Oib POSS contents. 
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Change of complex viscosity with angular frequency of pure LLDPE and LLDPE/Tsp POSS 

nanocomposites prepared by extruder for different Tsp POSS contents.  

 

    

 

Change of complex viscosity with angular frequency of pure LDPE and LDPE/Tsp POSS 

 

nanocomposites prepared by extruder for different Tsp POSS contents. 
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Change of storage and loss modulus with angular frequency of pure LLDPE and LLDPE/Tsp 

 

POSS nanocomposites prepared by extruder for different Tsp POSS contents. 

 

Change of storage and loss modulus with angular frequency of pure LDPE and LDPE/Tsp 

 

POSS nanocomposites prepared by extruder for different Tsp POSS contents. 
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Change of complex viscosity with angular frequency of pure LLDPE and LLDPE/BA80 

 

composites prepared by extruder for different BA80 contents. 

  
 

 

Change of storage and loss modulus with angular frequency of pure LLDPE and 

LLDPE/BA80 composites prepared by extruder for different BA80 contents. 
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Change of complex viscosity with angular frequency of pure LDPE and LDPE/BA80 

 

composites prepared by extruder for different BA80 contents. 

 

 

 

Change of storage and loss modulus with angular frequency of pure LDPE and LDPE/BA80 

composites prepared by extruder for different BA80 contents. 
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Appendix E- DSC curves of the samples 

 

DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/Oib POSS nanocomposites 

prepared by extruder for different Oib POSS contents. 

 
 

 

 

DSC 2nd heating and cooling curves of pure LDPE and LDPE/Oib POSS nanocomposites 

prepared by extruder for different Oib POSS contents. 
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DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/Tsp POSS nanocomposites 

prepared by extruder for different Tsp POSS contents. 

 

 

 

DSC 2nd heating and cooling curves of pure LDPE and LDPE/Tsp POSS nanocomposites 

prepared by extruder for different Tsp POSS contents. 
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DSC 2nd heating and cooling curves of pure LLDPE and LLDPE/BA80 composites prepared 

by extruder for different BA80 contents. 

  

 

 

DSC 2nd heating and cooling curves of pure LDPE and LDPE/BA80 composites prepared by 

extruder for different BA80 contents.    
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Appendix F- SEM images PE/BA80 composites samples 

                        

SEM micrograph of (a) LLDPE/2%BA80 composite. (b) LLDPE/5%BA80 composite at 

2000x magnification prepared by extruder. 

       (a)                                                             (b)         

 

 

                                                 

SEM micrograph of (a) LDPE/2%BA80 composite. (b) LDPE/5%BA80 composite at 2000x 

magnification prepared by extruder. 

 

 
       (a)                                                              (b)         
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Appendix G- Tensile test curves of PE/BA80 composites samples  

 

Tensile modulus of pure LLDPE and LLDPE/BA80 composites prepared by extruder for 

different BA80 contents. 

 

 

 

Tensile strength of pure LLDPE and LLDPE/BA80 composites prepared by extruder for 

different BA80 contents. 
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Elongation at break of pure LLDPE and LLDPE/BA80 composites prepared by extruder for 

different BA80 contents. 

 
 

 

                                                                                  

Tensile modulus of pure LDPE and LDPE/BA80 composites prepared by extruder for 

different BA80 contents. 
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Tensile strength of pure LDPE and LDPE/BA80 composites prepared by extruder for 

different BA80 contents. 

 

 

 

Elongation at break of pure LDPE and LDPE/BA80 composites prepared by extruder for 

different BA80 contents. 
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Appendix H- Flexural properties curves of PE/BA80 composites samples 

 

Flexural modulus of pure LLDPE and LLDPE/ BA80 nanocomposites prepared by extruder 

for different BA80 contents. 

 

 

 

Flexural strength of pure LLDPE and LLDPE/ BA80 nanocomposites prepared by extruder 

for different BA80 contents. 
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Flexural modulus of pure LDPE and LDPE/ BA80 nanocomposites prepared by extruder for 

different BA80 contents. 

 

  

 

Flexural strength of pure LDPE and LDPE/ BA80 nanocomposites prepared by extruder for 
different BA80 contents 
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