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Kurzfassung V

Kurzfassung

Füllstoffe in Polymeren besitzen seit jeher zwei unterschiedliche Aufgaben. Auf der einen 

Seite soll ihr Einsatz die Polymere billiger werden lassen, auf der anderen Seite besteht die 

Absicht das Eigenschaftsprofil der Kunststoffe zu verbessern. In den letzten 30 Jahren hat 

eine neue Art von Füllstoffen hohes Interesse hervorgerufen. Füllstoffe mit Dimensionen 

im Nanometerbereich besitzen eine große Oberfläche in Bezug auf ihr Volumen. Dadurch 

besitzen diese (im Gegensatz zu konventionellen Füllstoffen) mehr Anknüpfungspunkte an 

die Matrix und verbessern damit die Polymer/Füllstoff Interaktion. Schon bei geringen 

Mengen an Füllstoff werden Eigenschaftsverbesserungen erzielt, die bei herkömmlichen 

Füllstoffen nur mit hohen Füllgraden erreicht werden können. Strukturelle Eigenheiten und 

deren Auswirkung auf mechanische, optische und permeative Eigenschaften sind von 

hohem Interesse, da die meisten physikalischen Eigenschaften sehr stark von der 

Morphologie eines (gefüllten) Kunststoffes abhängen. Das Ziel dieser Arbeit ist es 

strukturelle Gegebenheiten von schichtsilikatverstärkten Kunststoffen mit den 

mechanischen Eigenschaften zu korrelieren.  

Die Struktur von polymeren Nanokompositen kann anhand einer Vielzahl an Methoden 

charakterisiert werden: Röntgenstreutechniken, Transmissionselektronenmikroskopie, 

Rasterkraftmikroskopie, Infrarotspektroskopie und Kernspinresonanzspektroskopie sind 

die Methoden, die am häufigsten zur Anwendung kommen. Detaillierte Informationen der 

Nanostruktur wurden in der vorliegenden Arbeit mit Hilfe von Röntgenstreutechniken 

ermittelt. Strukturinformationen bis 100 Nanometer können mittels Kleinwinkelstreuung 

und Größenordnungen von 0.1 Nanometer können mit Hilfe der Weitwinkelstreuung 

detektiert werden. Zur Bestimmung der Verteilungsqualität des Füllstoffes wurden auch 

Nahinfrarotspektren aufgenommen, die mit den Röntgenergebnissen korreliert wurden. Die 

Veränderungen der strukturellen Gegebenheiten unter Krafteinwirkung wurde mit Hilfe 

von in-situ Röntgenstreumethoden charakterisiert. Diese Methode gibt Aufschluss über 

Änderungen des Deformationsverhaltens bei unterschiedlichen Nanostrukturen und des 

Verhaltens jener Strukturen. Die globalen mechanischen Kenndaten (bestimmt durch 

dynamisch mechanische Zugversuche, Zugversuche, Durchstoßversuche) wurden zur 

Ermittlung von Struktur-Eigenschaftsbeziehungen herangezogen.  
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Zwei verschiedene Typen von teilkristallinem, isotaktischem Polypropylen werden in 

dieser Arbeit als Matrixpolymer verwendet. Der Grund für die Wahl von zwei Typen (ein 

Extrusionstyp und ein Rohrtyp) war, die Anwendbarkeit und die Effizienz des 

Produktionsprozess darzustellen. Als Nanofüllstoff wurde ein smektisches Tonmineral 

Montmorillonit verwendet. Diese beiden Ausgangsmaterialien - Polypropylen und 

Montmorillonit - sind miteinander unverträglich, weswegen ein sogenannter Haftvermittler 

notwendig war. Die verwendete Produktionsmethode zur Herstellung von Polypropylen 

Nanokompositen war die Schmelzcompoundierung. Detailliertere Informationen und die 

theoretischen Grundlagen von polymeren Nanokompositen, vom verwendeten 

Produktionsprozess, sowie von den verwendeten Röntgenstreumethoden sind in Kapitel 2 

ausführlicher dargestellt. 

Im dritten Kapitel der vorliegenden Arbeit wird die Bestimmung der Verteilungsqualität 

des Füllstoffs mittels zweier unterschiedlicher Methoden erläutert. Die Bestimmung der 

Verteilungsqualität erfolgt einerseits während des Prozesses (Nahinfrarotspektroskopie und 

Dehnungsrheometrie) und andererseits nach dem Prozess (Röntgenstreumethoden). In 

diesem Teil werden der verwendete Prozess und die beiden Methoden zur Bestimmung der 

Verteilungsqualität näher dargestellt. Die Verwendung eines chemometrischen Modells 

erlaubt die Korrelation von Inline Nahinfrarotspektren mit den durch 

Röntgenstreumethoden ermittelten Strukturen (Schichtabstand, Exfolierungsgrad) der 

polymeren Nanokomposite. Auch eine Korrelation der dehnrheologischen Eigenschaften 

(Abzugskraft) mit jenen der mechanischen Eigenschaften (Elastizitätsmodul) war möglich. 

Mit den während des Prozesses gewonnenen Daten kann der Prozess schnell verändert 

werden, um die gewünschten Formulierungen (Struktur, mechanische Eigenschaften) zu 

erhalten. 

Kapitel 4 beschreibt die Struktur und Strukturänderungen während des 

Produktionsprozesses. In mit Schichtsilikaten hergestellten Nanokompositen, kommt es 

meist zu einer Agglomeratbildung. Dies sind Gebiete in denen sich vermehrt die 

Schichtsilikate anhäufen. Die Struktur eines solchen Agglomerates wurde mit Hilfe eines 

sehr kleinen Röntgenstrahles untersucht. Das Matrixpolymer bildete unterschiedliche 

Formen (� und �-Polypropylen) aus. Die Strukturänderung des Füllstoffes (interkaliert bis 

exfoliert) konnte ebenfalls bestimmt werden. Während der Kern des Agglomerates selbst 

keine Veränderung des Schichtabstandes aufwies, zeigte sich am Rande des Agglomerates 
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eine zunehmend interkalierte Struktur. Diese wiederum war von einer exfolierten 

Schichtsilikat-Polypropylen Masse umgeben. Zusätzlich wurde die Struktur der 

Schichtsilikate und deren polymeren Kompositen unter prozessrelevanten Temperaturen 

untersucht. Der Schichtabstand des Schichtsilikates ist bei erhöhter Temperatur größer. 

Dies führt zu einer Vereinfachung des Interkalierungsprozesses mittels 

Schmelzcompoundierung.  

Der fünfte Teil dieser Arbeit beschäftigt sich mit den Deformations- und 

Bruchmechanismen von schichtsilikatverstärktem Polypropylen. Reines Polypropylen 

zeigt unterschiedliche Deformationsmechanismen: Hohlraumbildung, Crazing und 

Mikrorissbildung begleitet von einem spröden Bruch einerseits und Scherfließen begleitet 

von einem duktilem Versagen andererseits. Bei Anwesenheit eines Füllstoffes muss (in der 

Regel) diese Liste um Ablöseerscheinungen und die sich somit ergebende schnellere 

Hohlraumbildung erweitert werden. In diesem Teil der Arbeit werden die prinzipiellen 

Deformationsmechanismen dargestellt. Die strukturellen Informationen rund um eine 

belastete Rissspitze wurden mit Hilfe von Röntgenstreumethoden ermittelt. Während bei 

schichtsilikatverstärktem Polypropylen die Ausbildung einer dünnen hochorientierten Zone 

zu einem spröden Versagen führt, ist bei reinem Polypropylen die Ausbildung einer 

ausgedehnten wenig orientierten Zone vorherrschend, die anschließend zu einem duktilen 

Versagen führt. Außerdem wurden in diesem Kapitel sogenannte röntgenelastische 

Konstanten bestimmt. Dazu wurden kristallographische Dehnungen mit der globalen 

Spannung zusammengeführt und daraus Konstanten ermittelt. Bei erneuter Messung der 

kristallographischen Dehnung des gleichen Materials (mit unbekanntem Querschnitt) ist es 

möglich, die vorherrschenden Spannungen (mit der Anwendung der vorher bestimmten 

Konstanten) zu ermitteln. Mit dieser Methode wurden strukturelle und mechanische 

Eigenschaften korreliert. 

Im sechsten Kapitel wurden strukturelle Parameter mit mikro- und makromechanische 

Eigenschaften zueinander in Beziehung gesetzt. Die strukturelle Eigenschaft 

(Exfolierungsgrad) wurde mit den dynamisch-mechanischen Eigenschaften (Mobilität der 

Polymerketten) und den mechanischen Eigenschaften (Steifigkeit und Bruchdehnung) 

korreliert. Es konnte ein Zusammenhang zwischen der Beweglichkeit der Polymerketten 

und dem Exfolierungsgrad hergestellt werden: Je höher der Exfolierungsgrad, desto größer 

ist die Behinderung der Polymerketten. Dies führte zu einer Erhöhung der 
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Übergangstemperaturen, wie z.B.: der Glasübergangstemperatur und der �-

Relaxaktionstemperatur. Weiter konnte eine Erhöhung der Steifigkeit durch die 

Anwesenheit von interkalierten Schichtsilikatstapeln gezeigt werden. Die Bruchdehnungen 

hingegen nahmen bei Anwesenheit von Schichtsilkatstapeln sehr stark ab. Die Erklärung 

für dieses Verhalten ist, dass die steifen Schichtsilikatstapeln einerseits den 

Materialverbund verstärken, andererseits sind diese auch Ausgangspunkte für Defekte. Bei 

einer Erhöhung des Exfolierungsgrades sinkt die Steifigkeit und die Bruchdehnung steigt. 

Somit kann gezeigt werden, dass die Struktur von schichtsilikatverstärkten Kunststoffen 

einen erheblichen Einfluss auf die mechanischen Eigenschaften besitzt.  
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Abstract

Polymeric nanocomposites have become increasingly popular in the scientific community, 

since the first publication 30 years ago. Due to the high surface to volume ratio of fillers 

with dimensions in the nanometres range, already a small amount of such fillers influences 

physical properties of polymers and often enhances multiple properties at once. Structural 

details and their relationships to the mechanical, optical and permeation properties of the 

nanocomposites are rather fascinating, because most physical parameters are triggered by 

an arrangement of the nanofiller in polymer matrix. Moreover, the low costs of clay-

containing polymeric nanocomposites hold great appeal for the industrial community. The 

properties of a polymer nanocomposite basically depend on the behaviour of the matrix, 

the properties of the filler, the interactions between the filler and the polymer and finally 

on the arrangement of filler in matrix. Therefore, the structural details and their influence 

on the physical properties are very important for the system of this material. The main aim 

of this work was to correlate the structural details of clay-containing polymeric 

nanocomposites with mechanical properties. 

Structural details can be determined via: X-ray scattering techniques, transmission electron 

microscopy, atomic force microscopy, infrared spectroscopy and nuclear magnetic 

resonance spectroscopy, which represent the most common applied techniques. For this 

work, X-ray scattering techniques, and near infrared spectroscopy, were conducted as 

structural investigations. Detailed nanostructure information was generated via application 

of different X-ray scattering techniques to cover structural information between 100 (small 

angle X-ray scattering) and 0.1 (wide angle X-ray scattering) nanometres. The behaviour 

of the structural details under external loads and under process conditions was determined 

by means of in-situ X-ray investigations. Thus, structure-property relationships were 

established. A correlation between structural details and global mechanical properties is 

presented in this work as well. 

As matrix polymers, two different types of semi crystalline isotactic polypropylene were 

selected. Two different grades of polypropylene, one extrusion grade and one pipe grade, 

were chosen to demonstrate the functionality and efficiency of the production process. As a 

nanofiller, the commercial smectite clay mineral montmorillonite was used. These two 

materials were rather incompatible; hence, a compatibilizer (a polypropylene grafted with 

maleic acid anhydride) was needed. Detailed information on the structure of polymeric 
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nanocomposites and the production process of the investigated polymers is highlighted in 

the second chapter of this work. The selected production process was the melt 

compounding. Background information concerning X-ray scattering techniques is also 

presented in the second chapter of this work. 

In the third chapter of this work, the distribution quality is characterised by the usage of 

two different techniques. For once, characterisation methods like inline near infrared or 

online extensional melt rheology help to determine the structural details during the 

production process. These methods were implemented by the Chair of Polymer Processing 

and can be used as a quick quality control for the individual processes. On the other hand, 

structural details were measured using X-ray scattering techniques. Chapter three delivers 

an overview on the employed production process and the two applied methods for 

characterisation of distribution quality. The use of a chemometric model allowed for a 

correlation of inline near infrared spectroscopy data with structural details (interlayer 

distance, degree of exfoliation) of the produced compound and correlation of online 

extensional melt rheology (tensile force at break) with mechanical properties (Young's 

Modulus). Therefore, a concurrent estimation of the structural and the mechanical 

properties of the produced compound is created. With that realtime knowledge, the 

production process can be altered fast enough to perform within desired specifications of 

the produced polymeric nanocomposites. 

Chapter 4 of this thesis describes structural details of polymeric nanocomposites under 

process conditions. The results were used to demonstrate the compounding process and to 

optimize its conditions. In nanocomposites, often so called “agglomerates”, dense clusters 

of particles, are formed. The structure in and around an agglomerate was studied with 

nano-beam X-ray scattering microscopy at European Synchrotron Radiation Facility 

(ESRF) in Grenoble. The structural details around the filler in agglomerated form revealed 

various modifications of the polymer. Different structure formations of polypropylene (�- 

and �-form) around a layered silicate stack were observed. Accordingly, the understanding 

and analysis of mechanical behaviour of polymeric nanocomposites (with small amounts 

of agglomerates) was improved. Furthermore, structural details under process related 

temperatures were investigated. For example, the interlayer distance of the organic 

modified montmorillonite increased at higher temperatures. This information further 
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enhances the understanding and ultimate fine-tuning of the production process. Likewise, 

at higher filler concentration, the clay forms a super structure (card house).  

The fifth chapter deals with in-service behaviour of polypropylene nanocomposites; more 

explicitly: the determination of deformation and fracture mechanisms in the 

polypropylene-nanoclay system. Virgin polypropylene showed different deformation 

mechanisms, void formation, crazing and micro cracking accompanied with brittle failure 

and shear yielding associated with ductile fracture. Due to the presence of a filler, the 

failure behaviour depends on the strength of the filler/matrix interaction; therefore the 

deformation mechanisms have to be extended by the debonding process and a faster void 

formation. Commonly known deformation mechanisms were analysed in regard to quality 

and described by means of structural properties. Due to the difference in virgin and clay-

reinforced polypropylene, further investigations were performed. Structural details around 

crack tips, determined via scanning X-ray scattering techniques, were analysed to fully 

comprehend the change in the deformation mechanisms between polymer and polymer 

nanocomposites. The polypropylene nanocomposite displayed a thin zone with a high 

degree of orientation, which was related to brittle failure. However, virgin polypropylene 

formed a broad zone with a low degree of orientation, which was related to a ductile failure 

mechanism. Within this work, X-ray elastic constants were also observed. These constants 

can be exploited in the determination of stress in elusive positions. In consequence, micro-

strains (strains in crystallographic planes) were correlated with the global applied stress. 

Wherefore structural details were correlated directly with mechanical properties. 

In the sixth chapter of this work, structural parameters of clay-containing polypropylene 

nanocomposites, were correlated to micro- and macro-mechanical properties. The 

structural results (interlayer distance, degree of exfoliation) were correlated with the 

thermo-mechanical (mobility of polymer chains) and macro-mechanical (stiffness, 

elongation at break) results. This allowed for the conclusion that the mobility of polymer 

chains was influenced by the degree of exfoliation. The higher the degree of exfoliation, 

the more the mobility of the polymer chains was hindered and the transition temperatures 

(glass transition and �-relaxation temperatures) increased. Furthermore, due to the 

presence of intercalated stacks, the stiffness of the composite increased; however, the 

elongation at break decreased. This happened as the stiffly layered packages further 

strengthen, while simultaneously acting as a defect. Nevertheless, for composites with a 
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high degree of exfoliation, the mechanical properties change to a lower stiffness and a 

higher strain at break. Consequently, the degree of exfoliation influences the mechanical 

properties.  
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1 Scope, content and structure 

In the last decades, fillers, which improve polymer properties or give the polymer 

improved functionality, experienced an increase in demand. Especially fillers, which 

possess dimensions in the nanometers range, became highly popular in the industry and 

research centres concerning material sciences (Ray and Okamoto, 2003; Alexandre and 

Dubois, 2000; Coleman et al., 2006). Due to their high surface to volume ratio, the filler 

exhibit greater fusion potential with the polymer, duly enhancing the interaction between 

the polymer chains and the filler (Tjong, 2006; Pavlidou et al., 2008; Breuer and 

Uttandaraman Sundararaj, 2004). For that reason, polymeric nanocomposites offer similar 

performance with lower loading levels (2-3 wt.%), than conventional composites with 30-

50 wt.% of reinforced material (Utracki, 2004). The main benefits of polymeric 

nanocomposites are  increasing Modulus, strength, heat resistance, etc. and all 

simultaneously. Moreover, nano-fillers exhibit advanced functionality; for example carbon 

nanotubes increase the thermal conductivity dramatically (Gojny et al., 2006), layered 

silicates decrease the permeability (Ray and Okamoto, 2003), etc. 

The properties of a polymer composite (and nanocomposite) basically depend on the 

behaviour of the matrix, the properties of the filler, the interactions between the filler and 

the polymer and on the spatial distribution and orientation of the filler (Utracki, 2004). The 

structure of heterogeneous systems is of high scientific and practical interest; particularly 

the behaviour of the filler (interactions with the matrix, distribution and orientation) is 

further important for understanding mechanical properties. For clay-containing polymeric 

composites, several superstructures of layered silicates are possible and depend on the 

distribution quality of the filler. These superstructures strongly influence the interaction 

between filler and matrix; consequently, the mechanical properties are affected.  

Several strategies to adequately determine distribution quality were investigated in recent 

years. The most commonly used methods are transmission electron microscopy, atomic 

force microscopy, infrared spectroscopy, nuclear magnetic resonance spectroscopy and X-

ray scattering techniques (Utracki, 2004). For this work, near infrared spectroscopy, 

transmission electron microscopy and X-ray scattering techniques were employed for 

structural characterisation of the produced polymeric nanocomposites. Micromechanic 

(mechanic of crystal lattice) and macromechanic (global mechanical properties) methods 
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were exploited to successfully characterise the influence of structural details on commonly 

known mechanical properties. Micromechanical investigations were performed, using in-

situ X-ray scattering tensile tests. These were done utilizing the capabilities of several 

synchrotron radiation facilities (Berliner Elektronenspeicherring-Gesellschaft für 

Synchrotronstrahlung m.b.H. in Berlin and European Synchrotron Radiation Facility in 

Grenoble).  

The aim of this thesis is to thoroughly investigate clay-containing polypropylene 

nanocomposites. There are several ways to produce intercalated (or exfoliated) polymeric 

nanocomposites (Ray and Okamoto, 2003). The selected production process was the melt 

compounding. Producing fully exfoliated layered silicates reinforced polymer produced by 

melt compounding is of high interest in the industrial community. To succeed, the 

production process has to be adapted. Here, the polypropylene nanocomposites were 

produced over a masterbatch process. In this way, a highly filled compound is produced, 

which is subsequently diluted to the final filler content. The amount of inserted shear 

energy and the mean residual time in the extruder are the two main principal process 

parameters, which are varied. The modification of those parameters influences the quality 

of distribution of the clay. 

This dissertation consists of five main chapters, aiming to successfully answer its two 

principal goals: characterisation of the distribution quality and structure-property 

relationships of clay-containing polypropylene nanocomposites. The second chapter 

highlights the important basics of polymeric nanocomposites, especially layered silicate 

reinforced polypropylene, and the basics of structural investigations by X-ray scattering 

techniques. The third chapter deals with the distribution quality of silicate layers in the 

polymer, characterized by process inline near infrared and simple X-ray scattering 

methods. The fourth chapter focuses on the morphological structure of the produced 

polymeric nanocomposites. Accordingly, the structural changes of clay-containing 

polypropylene nanocomposites during the production process are illustrated by the means 

of in situ X-ray techniques.  The structure of one residual agglomerate in the 

nanocomposite is investigated, resulting in improved understanding of the exfoliation 

process during melt compounding. Chapter five focuses on the micromechanics of clay-

containing polypropylene nanocomposites and the structure-properties’ relationships on a 

microscopic scale. Therefore, deformation mechanism and mechanics of crystallographic 
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lattice were investigated with the help of in situ X-ray scattering tensile tests. The sixth 

chapter concentrates on the structure-properties’ relationships of polymeric 

nanocomposites on a macroscopic scale. Forasmuch, global mechanical properties (tensile 

test, puncture test, thermomechanical tensile test) were correlated with structural details 

(X-ray scattering techniques). The superstructures of layered silicate were correlated with 

the mobility of polymer chains and this was then related to global mechanical properties. 

The final chapter summarizes the major results and presents an outlook for future work. 
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2 Background  

2.1 Clay-containing polymeric nanocomposites 

The clay-containing polymeric nanocomposites offers a couple of advantages related to 

matrix polymer or common composites. At loading levels from 2 to 3 wt. %, they are able 

to reach the same performance level as conventional composites with 30 to 50 wt. % 

(Utracki, 2004). Ergo, density of polymeric nanocomposites remains at the same level as 

the matrix polymer. Composites with filler dimensions in the nanometer range have a high 

surface to volume ratio. Due to their high surface to volume ratio, the filler exhibit greater 

fusion potential with the polymer, duly enhancing the interaction between the polymer 

chains and the filler (Tjong, 2006; Pavlidou et al., 2008; Breuer and Uttandaraman 

Sundararaj, 2004). The main advantages are improvements in Modulus, strength, heat 

resistance, flame resistance, barrier properties et cetera (Ray and Okamoto, 2003). The 

amount and size of the clay particles improve the useability and the transparency in 

opposition to highly filled, conventional composites (Pavlidou and Papaspyrides, 2008).  

2.1.1 Montmorrillonite 

Montmorrillonite is a member of the smectite phyllosilicates family, a group of minerals 

that consists of two tetrahedral sheets, sandwiching a central octahedral sheet. Figure 1 

demonstrates a typical structure of a phyllosilicate. Montmorillonite possess the chemical 

formula Mx(Al4-xMgx)Si8O20(OH)4, where M represents a monovalent cation and x the 

degree of isomorphous substitution (between 0.3 and 1.3). The particles are plate-shaped 

with dimensions in nanometres size (~ 1nm thickness and ~ 100 nm length). 

 

Figure 1 Structure of 2:1 phyllosilicates (Giannelis et al., 1999). 
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Organic modification of the filler is necessary to improve the interaction between the 

hydrophilic surface of the nanoclay and the hydrophobic polymer. Surface modification of 

montmorrillonite is mainly performed by ion exchange reactions with cationic surfactants 

like alkylammonium or alkyl phosphonium cations. The alkyl can vary from very short 

chains (~ 2) to very long ones (~ 25). The length of the grafting chains influences the 

interactions between two clay platelets. Nevertheless, positive attraction between the 

individual layers exists. Different examples are sketched in Figure 2 (Heinz et al., 2007).  

 

Figure 2 Montmorrillonite with different organically modifications. The captions intend 
to inform about the average length of the organic modifier (Heinz et al., 2007). 

2.1.2 Structures of layered silicates reinforced polymers 

For layered silicate-reinforced polymers, the structure of the filler can assume several 

modes of beings. The first one is the agglomerated condition. Here, the layered silicates 

have no interactions with the polymer and the agglomerates possess dimensions in the 

micrometer range (Alexandre and Dubois, 2000). The next state is the so-called 

“intercalated" one, where polymer chains are placed between the platelets. In this case, the 

silicate layers are interacting and the interlayer distance is higher, than in the agglomerated 

mode (Utracki, 2004; Tjong, 2006). The third state is called the “exfoliated” mode. This 

occurs, when more and more polymer chains gather between the platelets, causing the 

layered structure to break up. In that case, the platelets do not interact (Pavlidou and 

Papaspyrides, 2008). A fourth state is the so-called “flocculated” one. This is a special 

condition of the intercalated state, where the intercalated stacks possess an additional edge-

to-edge interaction (Ray and Okamoto, 2003). In Figure 3, the different states of layered 

silicate reinforced polymers are illustrated. 
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Figure 3 Structures of layered silicates reinforced polymers (Ray and Okamoto, 2003). 

The different structures of clay-containing polymer nanocomposites result in various 

mechanical properties. In principle, the tensile strength and the Young's Modulus increase 

in clay-containing polypropylene; however, the elongation at break decreases (Ray and 

Okamoto, 2003). The intercalated form of layered silicates presents a distinct increase in 

stiffness, due to the stiffly layered package acting as strengtheners. The exfoliated form 

presents an increase as well; yet, the Young's Modulus is lower than in intercalated clay-

reinforced polymeric nanocomposites (Tjong, 2006). The elongation at break dramatically 

decreases, if layered silicate is present in a polymer matrix. The decrease is more 

pronounced in the intercalated form, where the layered silicate package acts as a defect. 

The fracture behaviour dramatically improved in layered silicates, containing polymeric 

systems. High importance is placed upon the creation of a new surface through crack 

propagation, intended to toughen a clay-containing polymeric system (Zerda and Lesser, 

2001).  
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2.1.3 Production of layered silicates reinforced polymers 

Several strategies exist to produce exfoliated clay-containing polymers. The main methods 

are in-situ polymerization, polymer intercalation from solution and melt compounding 

(Utracki, 2004). All the measured samples in this work were produced via melt 

compounding.  

The principle of melt compounding is to combine the polymer with clay. This can be done 

with an internal mixer for small amounts or with a twin screw extruder for throughputs on 

industrial scale dimensions (Utracki, 2004). The main difficulty of this production process 

is the incompatibility of the raw materials. The chosen raw materials were polypropylene 

and montmorrillonite. These materials are rather incompatible and melt compounding does 

not work without some modifications. Montmorrillonite possesses a polar and hydrophilic 

surface (Choy et al., 1997); however, polypropylene is hydrophobic and non-polar. In the 

case of melt compounding, both raw materials have (montmorrillonite and polypropylene) 

to be particularly prepared. Alkylammonium or alkyl phosphonium cations substitute the 

cations on the surface of the montmorillonite to increase the hydrophilicity and to pre-

intercalate the layered structure of the silicate (Utracki, 2004). Otherwise, the 

polypropylene is partially grafted with maleic anhydride to make the polymer more polar. 

For the preparation of the mixture, a so-called “compatibilizer” (maleic anhydride grafted 

polypropylene) was used. The compatibilizer helps to improve the exfoliation process (Ke 

and Stroeve, 2005); albeit, the mechanical properties are negatively influenced. Therefore, 

the amount of compatibilizer plays an important role for the performance of the produced 

mixture. 

Melt compounding works according to the following steps: (1) the clay is mixed with the 

polymer, both are not interacting (microcomposites); (2) the compatibilizer is getting 

between two silicate layers and the interlayer distance is increasing (intercalation); (3) 

virgin polymer is able to move between the dehisced structure of layered silicate stack until 

the layered structure is shattered (exfoliation) (Ray and Okamoto, 2003). During the 

process, two main properties are important to enhance the degree of exfoliation. On the one 

hand, the mean residual time can influence the exfoliation process. The longer the 

compound is exposed to heat and shear energy, the easier the mentioned steps can be 

performed. The mean residual time can be varied with the use of a string die behind the 

compounding process. On the other hand, the inserted shear energy can influence the 
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degree of exfoliation. The inserted shear energy can be changed by using different screw 

geometries and by varying the rotational speed of the screw. 

2.2 X-ray and scattering of X-rays

The main structural investigations were completed by X-ray scattering techniques. Thus a 

detailed description of applied elastic scattering techniques and  a review on the used 

evaluation techniques are included. There are many textbooks available, dealing with the 

interaction of X-rays with matter (Guinier, 1963; Alexander, 1969; Glatter, 1982; Balta-

Calleja and Vonk, 1989). Henceforth, only a small introduction shall be provided here.  

X-radiation is electromagnetic radiation with a wavelength in the range of 0.01 to 10 

nanometers. Basically, two different interactions between X-radiation and the electrons of 

matter exist: scattering and absorption. During the absorption processes, kinetic energy of 

the incoming rays is lost by means of the photoelectric effect (Auger effect) and inelastic 

scattering (Compton effect). (Guinier, 1963) 

Elastic scattering is defined as follows: The incoming and the outgoing radiation possesses 

the same wavelength; consequently, no energy transfer between the radiation and the 

electron is observed. Inelastic (Compton) scattering, which includes an energy transfer 

between the incoming and outgoing waves, was not considered in this work. Elastic 

scattered waves are able to coherently interfere; that means that the outgoing scattering 

waves are superposing. As a result, it is possible that the summarized outgoing waves 

either congregate (= constructive interference) or are erased (= destructive interference) 

(Guinier, 1963).  

The simplest explanation for diffraction concerns the single slit diffraction. An example of 

that is shown in Figure 4. If light irradiates a long infinitesimal slit, the light is diffracted 

into a series of circular waves; if, the slit is wider than the wavelength, interferences might 

still occur. These can be explained by assuming that the slit behaves as though it has a 

large number of point sources, spaced evenly across the width of the slit. If the light 

possesses a single wavelength, the minima and maxima of the diffracted light can be 

observed.  
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Figure 4 Schematic construction of single slit diffraction (left) and a typical diffraction 
pattern from single slit diffraction (right).  

Multiple slit arrangements, which are narrow enough, can be described via the Fraunhofer 

approximation. In Figure 5, a simple two-slit example is illustrated and with the mentioned 

approximation, the maxima of the diffracted beam can be calculated by Eq. (1). 

 

Figure 5 Schematic demonstration of two (or multi) slit diffraction. 

Diffraction from a three-dimensional periodic structure (like atoms in crystals) is called 

“Bragg diffraction”, which is a consequence of interfering waves, reflecting from crystal 

planes (see Figure 6).  

�*)sin(* na �	  Eq. (1) 

n is an integer that labels the order of each maximum, l is the wavelength, a is the distance 

between the slits and 	 is the angle at which constructive interference occurs. 
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Figure 6 Schematic presentation of the plane reflections. (a) Parallel rays reflected from 
different points of one plane and (b) parallel rays reflected from points on 
neighbouring reflecting points. The reflected rays are in phase, when Bragg's 
law is obeyed. (Woolfson, 1970) 

Bragg's law (Eq. (2)) defines the conditions of constructive interference (Bragg, 1913; 

Alexander, 1969). 

)sin(**2* 	� dn �  Eq. (2) 

In Eq. (2), n ( 222 lkhn 

� ) is an integer known as the order of the lattice plane (h,k,l), 

� is the wavelength, d is the distance between crystal planes and 	 is the half scattering 

angle. With the knowledge of the scattering angle and the wavelength, the distance 

between the lattice planes dhkl can be calculated. The indices h, k, l are representing the 

Miller indices, which are a notation system in crystallography for defining planes and 

directions in crystal lattices. The Bragg equation also provides insight to the reciprocal 

space coordination system, where diffraction occurs. For a diffraction pattern, large 

distances occur at small diffraction angles and vice-versa. 

2.2.1 Data evaluation

Most of the measurements (Paper 1 to 3, Paper 5, Paper 9) were performed using a Bruker 

NanoStar (Bruker AXS, Karlsruhe, Germany) Small Angle X-ray scattering instrument. 

This system was equipped with a two-dimensional X-ray detector. A wavelength of 0.154 

nm (CuK�) was used. The samples were measured in transmission and under vacuum 

conditions. In-situ and nano-beam measurements were performed, utilizing synchrotron 

radiation (Paper 4, Paper 6, Paper 7, Paper 8). The beamlines were also equipped with two-
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dimensional X-ray detectors and the measurements were performed in transmission. In 

order to interpret the information, the two-dimensional diffraction pattern had to be 

reduced to a one-dimensional scattering curve. According to different structural 

information, the two-dimensional diffraction pattern can be integrated in different ways:  

�� Radial integration: the diffraction pattern is integrated from the beamcenter to the 

larger angle (Alexander, 1969). 

�
�

��
2

0

),()( dqIqI Eq. (3) 

This method is used to determine structural parameters like long period, interlayer 

distance, crystal structure, lattice parameter etc. In Figure 7, the radial integration 

is illustrated. 
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Figure 7 Radial integration 

�� Azimuthal or � - integration: the diffraction pattern is integrated for each 

diffraction angle from the beamcenter to larger angles (Alexander, 1969). 

�
max

min

),()(
q

q

dqqII �� Eq. (4)

This method will be used for orientation quantification. The �-integration is 

graphically explained in Figure 8. 
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Figure 8 Azimuthal or � - integration. 

2.2.2 Wide Angle X-ray Scattering (WAXS)

For WAXS measurements, the generated diffraction pattern allows to determine the 

structural details with dimensions in the nanometres range or below, e.g.: phase 

composition of the polymer/filled polymer systems, the texture of the mentioned systems 

or degree of crystallinity (Alexander, 1969).  

Phase composition 

Semi-crystalline polymers consist of crystalline and amorphous domains. The crystalline 

part can be evaluated by the usage of WAXS measurements. Besides, the same polymer 

can exhibit a different crystal structure, so-called “polymorphs”. The exact crystal structure 

and the corresponding lattice parameters can be evaluated by the use of Miller Indices and 

the Bragg equation (see Eq. (2)).  

Figure 9 shows three one-dimensional scattering curves of polypropylene. These are 

representing the three main types of crystal lattice, which can be observed in isotactic 

polypropylene (Brückner et al., 1991; Karger-Kocsics, 1995). The various types are the 

monoclinic form (called �-form), the hexagonal form (called �-form) and the 

orthorhombic form (called �-form) (Wunderlich 1973). The corresponding unit cells of 

each type of PP are pictured additionally in Figure 9. With the knowledge concerning the 

different types of crystal lattice and with determined peak positions and their intensities, it 

is possible to calculate phase compositions of materials, which possess more than one 

crystalline lattice (Alexander, 1969).  
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Figure 9 WAXS diffraction pattern with the (ab)-projection of the crystal lattice from the 

different forms of isotactic polypropylene (Karger-Kocsics, 1995; Lezak and 
Bartczak, 2005). 

Peak shifting 

The distance between two lattice planes can be determined by the use of Eq. (2). This 

distance can shift, due to residual stress, external loads or crystal imperfections. Figure 10 

shows the possible changes of the peak positions during external load on a polypropylene 

sample. By knowing the initial plane distance d0, micro strains can be determined using 

Eq. (5). 

0

0

0

ln
d

dd
l
l

micro
�

���
�

�
��
�

�
�� Eq. (5) 
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Figure 10 Analysis of crystallographic strain. 

Degree of crystallinity 

The weight degree of crystallinity can be evaluated by interpreting WAXS curves. 

Therefore, several methods were worked out during the last decades. One of them is to 

compare the areas under the WAXS curves. This method will be explained with the help of 

an example, presented in Figure 11. In Figure 11, a one-dimensional scattering curve of 

polypropylene is shown. The sharp peaks are representing the crystalline structure of an �-

polypropylene. The amorphous halo is a very broad peak underneath the crystalline peaks 

(Debye 1915; Guinier 1963). The ratio of the sum of the areas of the amorphous content 

and the sum of the areas of the crystalline content characterise the degree of crystallinity 

(Ruland, 1964; Balta-Calleja and Vonk, 1989). In Figure 11, the basic procedure is 

graphically explained.  
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Figure 11 Determination of the (mass) degree of crystallinity. 

2.2.3 Small Angle X-ray Scattering (SAXS)

Small angle X-ray scattering is applied for the determination of structural parameters, with 

dimensions larger than in the WAXS analysis. In contrast to WAXS, where a signal arises 

from regular arrangements of atoms in a crystal, SAXS signals rises from inhomogeneity 

in electron density fluctuations inside materials. It’s common knowledge that the first 

applications of SAXS to elaborate structural information were performed by Gunier and 

Co-workers. These first advances into the work of small angle X-ray scattering are 

summarised in the famous book of Gunier (Guinier, 1963). In polymer science, SAXS 

measurements are used to determine e.g. the long period, the thickness of the crystalline 

and amorphous layer and the volume degree of crystallinity for one polymer analysis 

(Vonk and Kortleve, 1967; Strobl and Schneider, 1980). Furthermore, the dimensions of 

hard or soft segments e.g. for polyurethanes can be evaluated. Dimensions of air inclusion 

(naturally available or induced by external load) and fibril diameters can be determined by 

this powerful method. However, dimensions in the range of a few nanometers up to several 

decades of nanometers can be determined (Guinier, 1963). The application of 2D detectors 

also allows for characterization of texture. 

 Simple evaluation techniques

In a first step to determine structural parameters, the one-dimensional scattering data has to 

be corrected for background scattering (instrument, sample holder). Afterwards, a power 
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law function (according to Eq. (6)) can be subtracted from the scattering data to correct for 

multiple phase scattering, inelastic scattering, etc. The remaining intensity is multiplied 

with q2; q being the magnitude of the scattering vector (
�

� )sin(4 	
�q , where 	 is  half of 

the scattering angle and � being the wavelength of the radiation). The peaks are fitted with 

a well-defined distribution function (Guinier, 1963; Alexander, 1969). As result, the peak 

can be described via the position, the width and the area.  

3
1
2

X
q
XI Xcorr 
� Eq. (6) 

X1, X2 and X3 are variables. 

The peak position is a structural dimension (e.g. the long period in semi-crystalline 

polymers). The peak width can be interpreted as the crystal size (size of coherent scattering 

domains). The use of the Scherrer equation (see Eq. (7)) allows for a quantification of 

dimensions. This formula can be used for up to 100 nm crystal size (Guinier, 1963).  

)cos(��
�� K

� Eq. (7)  

K is the dimensionless shape factor (between 0.85 and 1; at polymers ~ 0.9), � the X-ray 

wavelength, � the line broadening at the half maximum intensity in radians and � is the 

Bragg angle. � is the mean size of the crystalline domains (Guinier, 1963). The line 

broadening from the experimental setup (from the instrument such as beam size, detector 

smearing, etc.) can be determined by measuring a substance with sharply defined peaks 

e.g.: rat tail. The peak area represents the scattering quantities; the more scattering 

elements exist in the radiated volume, the larger the peak area (Guinier, 1963).  

Determination of orientation 

There are several strategies to interpret orientations in polymers. The determination of 

orientations by X-ray scattering methods is a very powerful tool. Figure 12 shows SAXS 

measurements of an orientated (left side) and a disorientated sample (right side). 

Additionally, the corresponding ��integration curves can be found in this picture.  



Background 18

0 50 100 150 200 250 300 350
0

10

20

30

40

in
te

ns
ity

 [c
ou

nt
s]

azimuthal angle [°]
0 50 100 150 200 250 300 350

0

10

20

30

40

in
te

ns
ity

 [c
ou

nt
s]

azimuthal angle [°]

Azimuthal integration

Orientation direction: 170°
Degree of orientation: 26%

Orientation direction: 178°
Degree of orientation: 11%

0°

Orientation direction

170°

0 50 100 150 200 250 300 350
0

10

20

30

40

in
te

ns
ity

 [c
ou

nt
s]

azimuthal angle [°]
0 50 100 150 200 250 300 350

0

10

20

30

40

in
te

ns
ity

 [c
ou

nt
s]

azimuthal angle [°]

Azimuthal integration

Orientation direction: 170°
Degree of orientation: 26%

Orientation direction: 178°
Degree of orientation: 11%

0°

Orientation direction

170°

0 50 100 150 200 250 300 350
0

10

20

30

40

in
te

ns
ity

 [c
ou

nt
s]

azimuthal angle [°]

Azimuthal integration

Orientation direction: 170°
Degree of orientation: 26%

Orientation direction: 178°
Degree of orientation: 11%

0°

Orientation direction

170°

 

Figure 12 Determination of orientation by X-ray scattering techniques. 

The degree of orientation and the orientation direction can be evaluated via the following 

steps: First, the ��integration of the scattering data has to be completed and the data has to 

be corrected for background scattering. Afterwards, the direction of orientation can be 

evaluated by allocating the maxima of the curve, evident on the left side in Figure 13. The 

determination of the degree of orientation is pictured on the right side in Figure 13. There, 

the peak areas and the whole area had to be determined. The ratio of the peak areas and the 

whole area is the degree of orientation (Alexander, 1969). 
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Figure 13 Determination of the degree of orientation. 

��integration 
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One dimensional correlation function by Schröder/Vonk 

In literature, many advanced techniques were published in the last decades. The most 

common one is the one-dimensional electron density correlation function by Vonk and 

Kortleve. This method for operating with polymers, is based on a model developed by 

Hosemann, where a semi-crystalline polymer is considered as a system of stacks of 

lamellar crystals, separated by amorphous layers (Hosemann, 1962). It is a powerful tool to 

examine structural parameters like long period, the thickness of the amorphous and 

crystalline layer and the degree of crystallinity of polymers (Vonk and Kortleve, 1967). In 

addition, layered structures with two different phases can be interpreted, for example as 

layered silicates.  
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Figure 14 Electron density distribution � (right) and the corresponding correlation 
function �(r) of a lamellar two-phase system. LP is the long period, d the 
thickness of the lamellar layer, Q is the invariant, �c and �a the electron density 
of the crystalline and the amorphous region (Strobl and Schneider, 1980). 

On the left side in Figure 14, an electron density distribution of a lamellar two-phase 

system is illustrated. By way of the electron density distribution, it is possible to estimate 

the autocorrelation function �, which is also called “one-dimensional correlation function”. 

It might further be determined over a Fourier-transformation of the scattering intensity. 

The form of the one-dimensional correlation function is featured in Eq. (8) (Strobl and 

Schneider, 1980). 


�

�
0

2
2 )cos()(

2
1)( dqqrqIqr
�

� Eq. (8) 

On the right side in Figure 14, a one-dimensional correlation function is pictured. 

Likewise, the important parameters are graphically described in this figure. The maximum 
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of the curve is called invariant Q and can be found at r = 0. The first minimum of the curve 

(point A) is relevant for determination important parameters. The difference of Q and A is 

equal to the electron density difference of the two phases. The slope at the beginning of the 

curve (d�/dr) is proportional to the inner surface (Os) of the system and to the Porod 

constant. The intersection of d�/dr and A represents another important point - the thickness 

d. This thickness is either the mean thickness of the crystallites (for crystallinity �c<0.5) or 

the mean thickness of the disordered (amorphous) region (for �c>0.5). The second 

maximum of the curve is additional an important point, it is the mean thickness of one 

crystalline plus one amorphous layer. The crystallinity �c can be calculated as ratio of the 

thickness d and the long period (Strobl and Schneider, 1980). Figure 15 demonstrates the 

evaluation process by the use of the one-dimensional correlation function.  
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Figure 15 Evaluation process for the usage of the one dimensional correlation function. 

2.2.4 Structure and form factor

The big disadvantage of the electron correlation function is that only "simple" two-phase 

systems (semi-crystalline polymers, layered silicates, etc.) can be effectively interpreted 

with this method. To interpret complex materials (for example layered silicate reinforced 

semi-crystalline polymers), other methods garnered the interest of researchers. These 

methods correlate directly the measured scattering intensity with the structural details of 

the material. They adapt the structure and form factor directly to the scattering intensity.  
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Fundamental definitions of the form and structure factor 

There is a distinction between the form and the structure of a scattered element in small 

angle scattering analysis. Posthence, investigations on the structure and the form factor 

have to be completed. Detailed information on the different types of these factors can be 

found in literature (Roe, 2000). 

In small angle scattering, the structural information is assembled by a structure factor, form 

factor and size distribution. To combine all the factors, the scattering cross section has to 

be explained (see Figure 16) (Roe, 2000).  

 

Figure 16 Schematic representation of the scattering process (Roe, 2000). 

The radiation interacts with the sample; scattering occurs as well as a change of energy in 

the scattered beam. The result is described with the help of a cross section. Figure 16  

schematically outlines the various important aspects of the cross section. The counting rate 

of the detector C is proportional to an incident beam, whereas the beam has a 

homogeneous, continuous flow density � �([� ] = photons per cm2 and second) and 

contains the amount N of identical particles (Roe, 2000). The proportionality constant is 

called the “differential scattering cross section
!d

d" ” and 
#!$�

�
! N

C
d
d

0

" , where $  is the 

detector efficiency. In the case of inelastic scattering, the counting rate is proportional to 

%E as well. %E indicates a certain interval of transferred energy. The appropriate 

proportionality constant is the partial (or double) differential scattering cross section (Roe, 

2000). 
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Small angle scattering normally does not resolve dimensions down to an atomic scale. 

Hencewith, the scattering cross section is defined in Eq. (11) as (Roe, 2000). 
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V

��
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Eq. (11) 

whereby �(r) is the local scattering length density and I(q) the scattering amplitude. The 

differential scattering cross section is, mathematically speaking, the square of the Modulus 

of the Fourier transformation of the scattering length density, whereas the scattering length 

density �(r) is proportional to the locally averaged scattering potential (Roe, 2000). 

General information about the structure factor 

The structure factor is the Fourier-transformed electron dispersion inside a unit cell. 

Therefore, the structure factor is a mathematical description of how material scatters due to 

radiation. It is a useful tool in the interpretation of data from interference pattern of X-ray 

scattering in condensed matter physics and crystallography (Woolfson, 1970).  

Diffraction definition of the structure factor

The intensity of a diffracted beam is defined as the wavefunction of a beam scattered a 

vector #k (see Eq. (12)), and this is in the kinematical approximation proportional to the 

structure factor F#k (Woolfson, 1970). The structure factor F#k is defined by Eq. (13), 

where rj is the position of an atom j in the unit cell, and fj is the scattering power of the 

atom (also called the atomic form factor). The sum of all atoms in the unit cell is further 

used in these compuatations (Woolfson, 1970).  
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22
kkdiffracted FI ## &� ' Eq. (12) 

k#'  is the wavefunction of the scattered beam and kF#  the structure factor. 

( #�
# �

j

kri
jk

jefF Eq. (13) 

To compute structure factors for a specific lattice, the sum over the atoms in the unit cell is 

counted. This procedure can be easily done for simple lattices (Alexander, 1969). 

In order to accurate define the small angle scattering structure factor, distortions (crystal 

imperfections) of first and second kind have to be considered too. The intensity is 

subsequently proportional to the single structure factor and the distortions factor (Vaia et 

al., 2003). 

Form factor

The form factor describes the shape and electron density distribution inside an individual 

particle. Serving as the form factor, is the Fourier transformation of the electron dispersion 

of a particle. In SAXS, structure dimensions and their various shapes require consideration 

of factors from all kinds of SAXS evaluations (Alexander, 1969). 

Size distribution

Under normal circumstances, natural products possess not one uniformly defined size; they 

all feature a size, which is naturally distributed. To describe natural distribution, several 

distribution functions are used in physics. They depend on the material, the production 

process, and which distribution function can be used to describe the size of a material. 

From very low-end functions (e.g.: uniform distribution function) to very complex 

functions (like Weibull distribution function) are commonly applied in scattering 

(diffraction) physics.  

Scattering laws and structural parameter 

Simple and useful tools have been developed based on Eq. (11). Guinier and Fournet have 

shown, that the radius of gyration (RG) can be easily calculated by the use of the well-

known Guinier approximation (Guinier and Fournet, 1955): 

3

2
2

)0()(
GRq

eIqI
�

� Eq. (14)
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The Guinier law is valid for particles with a roughly isodiametric particle shape. For other 

structures, the Guinier law has to be modified slightly. Furthermore, this law is valid for 

the scattering vector interval 
GR

q 10 ))  (Guinier and Fournet, 1955). 

The Porod law describes the scattering behaviour at large q values. Utilizing this law, it is 

possible to garner more information on the specific surface of an illuminated sample 

volume (Porod, 1951; Porod 1952). 

With the knowledge of the two laws, other structural parameters can be calculated. Porod 

volume (volume of a specific particle) and correlation length (average width of the 

correlation function) are two additional structural parameters, which can easily be 

calculated from the scattering information (Guinier and Fournet, 1955). 

Methods to combine structure and form factor 

Illuminated volumes during scattering experiments usually exhibit more than one 

scattering element. Each scattering object (possessing a size distribution Ni and a single 

structure factor Si) can be included in data evaluation. Several ways were considered to 

include structure factors in mode calculations: 

�� The monodisperse approximation,  

�� Decoupling approach (Kotlarchyk and Chen, 1983),  

�� Local monodisperse approximation (Pedersen, 1994),  

�� Partial structure factor or scaling approximation of partial structure factors 

(Gazzillo et al., 1999).  

In the case of Eq. (15), no interactions between different species of scattering objects were 

included, hence with, the total scattering is given by the sum of the scattering of the 

individual species i. 

)()(
1

q
d
dq

d
d N

i

i(
� !

�
!

""
Eq. (15) 

The easiest way to include a structure factor in the analysis is the monodisperse approach, 

which is calculated as follows: 
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Ni is the distribution function of the species i with a corresponding parameter l, Fi
2 is the 

form factor of the species i with the corresponding parameter a and Si is the structure factor 

of the species i with the corresponding parameter s. For this method, the interaction 

potential between particles  assums spherical symmetry and independent of particle size. 

Exact structure factors (partial structure factors approach) can further be used to describe 

polydisperse systems. The scattering cross section of the partial structure factor approach 

in combination with the monodisperse structure factor has the form of Eq. (17). 
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with  

dxlxNn ii ),(
0

�

� . Eq. (18)

The monodisperse structure factor is evaluated for the radius 
2

)',(),( xaRxaR ii 

, whereas 

the radius is defined as 3 ),(
4
3),( xaVxaR ii �

� .  

Approaches

Layered silicate-reinforced polypropylene consists of two different components. In the 

small angle scattering pattern, both components are clearly visible. On the one hand, there 

exists information concerning the polymer; on the other hand, the structural details of the 

layered silicates provide further insight. The structural information of polypropylene, 

determined by SAXS, depends on a layered structure of amorphous and crystalline layers. 

Simultaneously, the filler montmorrillonite possess a layered structure in a stacked form. 

Knowing the structure of the two components, following structure and form factors are 

chosen for modelling (possibly to fit) small angle X-ray data. 
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Single layer scattering

For a thin disc, the form factor is defined as follows (Roe 2000; Vaia et al. 2003): 
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�  is the angle between the axis of the disc and the magnitude of the scattering vector q. 

J1(....) is the first-order Bessel function. �# is the difference in coherent scattering length 

densities between the plate and the medium (it is normally expressed in cm-2). P1 is the 

volume of one single particle. H is the thickness and R is the radius of one single platelet. 

This equation can be simplified for very thin discs (with an aspect ratio radius/thickness 

>> 1) and low q into following equation (Roe 2000; Glatter 1982): 
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Lattice or structure factor 

Due to the short-range interference of the thin plates, the structure of a stack represents a 

one-dimensional lattice. The internal disorder of such a structure (crystal imperfections) 

can be divided into distortions of first and second kind (Alexander 1969; Vainshtein 1981). 

In Figure 17, the difference between distortions of first and second kind is illustrated. The 

distortions of first kind (see Figure 17 a) can be described as a net, representing the base of 

a lattice (a and b direction). The c-axis is perpendicular to the plane. If the c-axis intersects 

with the net plate at distance D, a lattice point is drawn on the lines . Displacements from 

regular arrangement in D are called (Figure 17 a) “distortions of first kind”. (Alexander 

1969; Vainshtein 1981). Distortions of second kind can be described by non-ideal lattice 

structure, as in Figure 17 b (Alexander 1969; Vainshtein 1981).  
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Figure 17 Distortions of first (a) and second (b) kind (Alexander 1969; Vainshtein 1981). 

Distortions of the first kind can be described as the displacement of the scattering layers 

from an ideal lattice with spacing, D, given by a Gaussian probability with mean-square 

displacement, %D. Therefore, the interference function can be expressed as (Vainshtein 

1966; Vaia et al. 2003): 
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The summation 
(

��

�

�
1

1
)(

Nn

n
nN

 describes the finite stack size (dimension of coherent 

domain), whereas the term 
22 )(

2
1 Dq

e
%�

 characterises the inhomogeneities in the structural 

order normal to the plates. The other summation (
�

�

2

1
)(

NN

NN
Np describes the stack size’s 

polydispersity, where )(Np is the distribution of coherent layers per stack and N1 and N2 

are representing the number of the smallest and the largest coherent stacks. N is the 

mean number of layers in a layer stack (crystallite) and can be defined as NNpN (� )( .

For distortions of second kind, the nearest one-dimensional neighbouring correlations can 

be described with a Gaussian distribution of the distance between these. Distance D 

describes the mean spacing of neighbouring layers. For a finite stack size, the lattice factor 

can be described by Eq. (22) (Vainshtein 1966; Roe 2000).  
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)(qR  and )(* qR  are the Fourier transform and complex conjugates of the probability 

function. This indicates the likelihood of finding the nearest neighbouring pair between a 

distance z and (z+dz). A good approximation of the probability function is given by a 

Gaussian distribution, described by Eq. (23). 
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%D describes the standard deviation around the mean distance between plates. 

Combinations of the equations Eq. (20)-Eq. (23) provide an expressions for the scattering 

intensity from independently scattering stacks of layers. The scattering intensity per unit 

volume is given by Eq. (24) (Vaia et al. 2003). 
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P1  is the layer volume, �#  the scattering length density and �  the volume fraction of 

silicates. �  represents the degree of exfoliation, where 1�� for complete exfoliation. 

Polypropylene

The lamellar structure of semi-crystalline polymers can be represented as a one-

dimensional structure as well. For this reason, the same structure and form factor as 

mentioned for the filler montmorrillonite can be adapted to analyse SAXS data. 

Status

All of the above mentioned methods were used during this thesis. We were able to describe 

basic structural parameters as well as advanced structure-mechanical dependencies. One 

goal - to establish advanced fitting routines for a standard analysis of polymer 

nanocomposites - failed due to the following reason: the developed Matlab script requires 

too much computing power. An optimization of the developed code, based on Vaia 2003, 

was not possible during the span of this work.  
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3 Characterisation of distribution quality of layered silicates in 

polypropylene by X-ray scattering and near infrared 

techniques

In order to efficiently determine the distribution quality of clay-containing polypropylene 

nanocomposites, many methods are available. The main structural investigations in this 

work were completed with the help of X-ray scattering methods. This part serves to 

demonstrate simple X-ray analysis methods.  

A new way to determine material homogeneity is the use of near infrared spectroscopy. 

One of the advantages of this method lies in its allowance for quick measurement 

procedures. Albeit, it can be used for the characterisation of polymer melts during a 

compounding process. In this part of the work, the structural properties of the produced 

compounds (determined by X-ray scattering methods) are correlated with inline near 

spectroscopy results. This chapter provides an additional overview, concerning the 

production processes, which were used to produce the polymeric nanocomposites for this 

thesis. 

3.1 Major results

Paper 1 demonstrates in great detail, the applied production process melt compounding. 

Using this process, a compatibilizer to strengthen the interaction between polypropylene 

and silicate layers is necessary. However, optimal compatibilizer content has to be 

detected, due to the negative effect of the compatibilizer on certain properties. A high 

amount of compatibilizer results in a higher interlayer distance, including a lower Young's 

Modulus. The optimum amount of compatibilizer was discerned by balancing the 

intercalation grade and the mechanical properties. Likewise, a correlation between 

extensional rheometry and tensile tests was discovered. In that case, an easy online process 

measurement of extensional rheological properties was suggested to control the process 

and thus improve final mechanical properties. 

Paper 2 deals with inline near infrared spectroscopy and a correlation with structural and 

mechanical properties. For inline measurements, the production process was equipped with 

a spectroscopic measuringement system behind the string die. The collected data was 
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correlated with mechanical (Young's Modulus) and structural properties (interlayer 

distance of the silicate stacks). Applying a chemometric model made it possible to directly 

describe the structural and mechanical properties during processing. It is suggested to use 

this method for fast process optimization and process control. 

Paper 3 deals with inline near infrared spectroscopy and the correlation with mechanical 

properties (Young's Modulus). Unlike Paper 2, the compared structural property is the 

quantity of scattering elements (represented by the peak area of the silicate layer peak, see 

paper 9). This quantity of scattering elements can be explained as the degree of exfoliation. 

Hence, it is possible to describe the degree of exfoliation during the process via the 

utilization of a chemometric model.  

Extensional rheology and near infrared spectroscopy are useful methods for process 

controlling. This chapter shows that a correlation of near infrared spectrogram with 

structural properties (interlayer distance, degree of exfoliation) and mechanical properties 

(Young's Modulus) is possible. Extensional rheology (tensile force at break) can be 

correlated with mechanical properties (Young's Modulus) as well. Therefore, the methods 

near infrared spectroscopy and extensional rheology can be bestowed for fast process 

optimization and process control. 
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3.2 Paper 1 

S. Laske, M. Kracalik, M. Gschweitl, M. Feuchter, G. Maier, G. Pinter, R. Thomann, W. 

Friesenbichler, G. R. Langecker 

Estimation of Reinforcement in Compatibilized Polypropylene Nanocomposites by 

Extensional Rheology

Journal of Applied Polymer Science (2009), 111 (5), pp. 2253-2259  
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3.3 Paper 2 

A. Witschnigg, S. Laske, M. Kracalik, M. Feuchter, G. Pinter, G. Maier, W. Märzinger, M. 

Haberkorn, G. R. Langecker, C. Holzer 

In-Line Characterization of Polypropylene Nanocomposites Using FT-NIR 

Journal of Applied Polymer Science (2010), 117 (5), pp. 3047-3053 
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3.4 Paper 3 

S. Laske, A. Witschnigg, M. Kracalik, G. R. Langecker, Clemens Holzer, M. Feuchter, G. 

Pinter, G. Maier 

Real-time characterization of polypropylene nanocomposites in a corotating twin 

screw extruder 

Annual Technical Conference - ANTEC, Conference Proceedings 2 (2010), pp. 1167-1171 
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4 Morphology and structure of clay polypropylene 

nanocomposites

This chapter deals with the principal structure and morphology of clay polymeric 

nanocomposites. The arrangement of clay in polymeric nanocomposites (intercalated or 

exfoliated structure) is often used to describe the structure of such mixtures. 

Notwithstanding, this simple description of the structure of clay-containing polymer 

nanocomposites seems to be insufficient. There remains a lack of understanding as to 

where the filler is interacting with the polymer (amorphous or crystalline phase) and which 

interactions take place (how does the filler influence the polymeric structure). Accordingly, 

specific research work was completed and published in Paper 4 and Paper 5. 

4.1 Major results

Paper 4 pertains to the nanomorphology of clay-containing polymer nanocomposites; 

particularly to the local structure of one agglomerate of stacks. This was determined by the 

use of a sub micrometer X-ray beam at the ESRF, which is located in Grenoble (France). 

This publication points out the formation of different polypropylene-structures around an 

agglomerate. The dominant structure of the polymer in the nanocomposite is �- 

polypropylene; however; there was a formation of �- polypropylene in the surrounding 

area of the agglomerate. Besides, the structure of the clay can be described very well. It 

was shown that all clay superstructures existed in the compound. The core of the 

agglomerate exhibited the agglomerated form, which was surrounded by a strongly 

intercalated structure. Exfoliated particles can be detected surrounding the agglomerate. 

The exfoliated particles indicated no influence on the polymeric structure (pure �- 

polypropylene and no change in degree of crystallinity). Yet, the degree of crystallinity is 

lowered due to the presence of a layered silicate stack.  

Paper 5 highlights the morphology of clay-containing polymeric nanocomposites under 

processing conditions. The structure of one of the raw materials - an organic modified 

montmorrillonite - was strongly influenced by the exposion to higher temperatures. At 

process-related temperatures, the gap distance of this montmorillonite was higher than at 

room temperature. Therefore, the layered silicates were more easily exfoliated with the use 

of a melt compounding strategy. Furthermore, a super structure (card house) was 
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discovered in the high filled sample and the differences in structure between low and high 

filled samples at process related temperatures should be highlighted. Knowledge on the 

structure of clay polymeric nanocomposites under process related temperature is rather 

helpful for the production of layered silicate reinforced polypropylene and should alleviate 

the understanding of the exfoliation process during the melt compounding route. 
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4.2 Paper 4

G. A. Maier, M. Feuchter, M. Burghammer, M. Kracalik, S. Laske, J. Keckes 

Local structure around nano-clay agglomerates in PP composites – a scanning X-ray 

diffraction study with sub micron resolution 

Journal of Polymer Science Part B: Polymer Physics, to be submitted 
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4.3 Paper 5 

M. Feuchter, G. Maier, G. Pinter, M. Kracalik, S. Laske, G. R. Langecker 

Studies on the melting behavior of polypropylene nano-composites using X-ray 

diffraction and differential scanning calorimetry 

Annual Technical Conference - ANTEC, Conference Proceedings 5 (2009), pp. 2642-2646 
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5 Micromechanics of clay polypropylene nanocomposites 

This chapter details the structure-property relationships of polymeric nanocomposites at a 

sub micron resolution. Mechanical properties correlated to material structure are of high 

interest to the scientific community. Deformation of material strongly depends on the 

material’s structure (Grellmann and Seidler, 2005). The two main deformation 

mechanisms, observable in polymers, are crazing and shear-yielding (Strobl, 2007). In case 

of a classical filler being present, the deformation mechanism is mostly controlled by 

debonding, accompanied by void formation and growth (Dubnikova et al., 1997). While 

the influence of classical fillers are widely studied, there is still a lack of understanding the 

influence of nanostructured (layered silicates) fillers (which deformation mechanism 

predominates and how a filler with such dimensions influences them). Therefore, three 

papers presented in this chapter discuss the differences between micromechanics of the 

matrix polymer and the corresponding polymeric nanocomposites (layered silicates). 

5.1 Major results 

Paper 6 presents the introduction to this chapter and concerns a qualitative analysis of 

deformation mechanisms of the produced polymeric nanocomposites. It became evident, 

that virgin polypropylene and two differently produced polymeric nanocomposites 

demonstrate different fracture behaviour. While pure polypropylene showed a 

rearrangement of crystal phases, the filled samples broke due to hampered rearrangement 

and formation of micro cavities. The determination of strains in different parts of the 

sample (crystalline, amorphous and inorganic parts) allowed for a description of basic 

deformation and fracture mechanisms. 

Paper 7 focuses on the micro mechanics behaviour of polymeric nanocomposites at a crack 

tip. This initial point for deformation delivered information on the deformation 

mechanism. Thereupon, the orientations and micro elongations near a crack tip were 

investigated. The parameters were determined via samples, which were exposed to external 

load. For comparison purposes, virgin polypropylene and one nanocomposite were 

measured. It was revealed that polypropylene and the silicate-reinforced material possessed 

different orientation zones. Awareness of the form of the oriented zone and the height of 

orientation helped to adequately explain the different deformation mechanism. A very thin 
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zone with a high degree of orientation (nanocomposite) was related to brittle failure; 

meanwhile, a very broad zone with a relatively low degree of orientation (polypropylene) 

caused a ductile material behaviour.  

The last Paper in this part (Paper 8) details microstress (stresses of the crystallographic 

planes) determination of the virgin polymer as well as the clay-filled polymer with the use 

of in-situ X-ray measurements. For this purpose, it was necessary to determine X-ray 

specific elastic constants. Determination of the X-ray specific elastic constant has been 

widely studied in metals, ceramics and polymers (Nielsen and Martin, 1985; Daniel et al., 

2010). It is often used to analyze the internal stress in ceramics and metals (Fitzpatrick and 

Lodini, 2003; Almer and Stock, 2005). These investigations are hardly applied on 

polymeric materials, due to the fact that with polymeric material, the X-ray specific 

constants change. Molecular mass distribution, strong temperature dependency and aging 

are the most common reasons wherefore the constants can fluctuate. Nonetheless, the 

determination of X-ray specific constants was carried out in paper 8. The strains of the 

crystallographic planes were correlated to the applied stress. For this purpose it was 

necessary to know the exact amount of applied stress in the measured area; therefore, 

special test specimens were prepared. Thereby, it was possible to establish X-ray specific 

elastic constants for every crystallographic plane. These were applied to in-situ X-ray 

measurements on rectangular samples, where the applied stress was unknown. With the use 

of the ascertained X-ray specific constant, it was possible to detect the applied stress in 

rather inaccessible sites. It was proven, that the suggested approach works if there are no 

lamellar fragmentation and no rearrangement of the crystallographic planes.  
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5.3 Paper 6

M. Feuchter, G. Maier, G. Pinter, M. Kracalik, S. Laske, G. R. Langecker 

Determination of Hierarchical Strains in Intercalated clay-Polypropylene 

Nanocomposites

Materials Research Society Symposium Proceedings (2008), 1146, pp. 183-190 
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5.4 Paper 7 
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Characterization of the orientation parameters around crack tips in unfilled and 
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scattering techniques 
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5.5 Paper 8  

M. Feuchter, G. Maier, I. Zizak, M. Kracalik, S. Laske, G. Pinter  

Analysation and application of crystalline elastic constants in polypropylene and its 

nanocomposite

Journal of Applied Polymer Science, to be submitted 
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6 Macromechanics of clay polypropylene nanocomposites 

Correlation of macroscopic properties with the structural details of a material is a great 

objective for a research work. This chapter intends to connect the topics of structural 

parameters of clay-containing polypropylene nanocomposites to micro- and macro-

mechanical properties. This is accomplished by structural investigations (X-ray scattering 

techniques) on the one hand, and by mechanical investigations (thermomechanical, tensile 

and puncture tests) on the other hand. The structural results (degree of exfoliation) are 

correlated with thermomechanical (mobility of polymer chains) and macro-mechanical 

(stiffness) results. In the case of a macro-mechanical test, there is a further distinction 

between slow (tensile tests) and fast (puncture tests) kind of stressing. 

6.1 Major results 

Paper 9 investigates the structural parameters as well as the micro- and macro-mechanical 

properties and establishes correlations between structural and mechanical properties. It 

illustrates that the degree of exfoliation depends on the process conditions (inserted shear 

energy) during the production route melt compounding. Another highlight is how the 

exfoliation process works, being a result of the mentioned production process. The 

exfoliation mechanism functions via the destruction of individual silicate stacks, without 

primarily forming intercalated stacks. This is shown with two different types of 

polypropylene and thereby proving that tuneable nanocomposites can be produced via a 

semi-industrial process route. The mobility of the polypropylene alters according to the 

arrangement of the clay. This results in a shifting of glass transition (represents the 

mobility of the amorphous content) and �-relaxation (represents the mobility of the 

crystalline content) temperatures. The higher the degree of exfoliation, the more the 

mobility of the polymer chains was hindered, causing both temperatures to rise. 

Furthermore, macroscopic mechanical properties were determined by puncture and tensile 

tests. In the presence of intercalated stacks, the stiffness of the composite increases, while 

the elongation at break decreases. This happens as the stiffly layered package act as 

strengtheners on the one side, while still operating as a defect. Thus, the degree of 

exfoliation influences the mechanical properties. Highly intercalated clay polypropylene 

nanocomposites exhibit a high stiffness and a low elongation at break; however, for 
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composites with a high degree of exfoliation, the mechanical properties exhibit a lower 

stiffness and a higher strain at break. 
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6.2 Paper 9

M. Feuchter, G. Pinter, G. Maier, A. Witschnigg, M. Kracalik, S. Laske 

Investigations on molecular mobility in melt intercalated polypropylene-silicate 

nanocomposites and the effects on mechanical properties 

Journal of Applied Polymer Science, submitted
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7 Summary and outlook 

7.1 Summary of major results 

The objectives of this work were to find a new, fast method for the determination of 

distribution quality and  analyze structure-property relationships with the help of micro- 

and macromechanics. Following expertise was gained during the scope of this work. 

In chapter 3, a new method to demonstrate the distribution quality of clay-reinforced 

polypropylene was presented. Near infrared spectroscopy allowed determining the 

structural (and mechanical) properties during the process. For this reason, structural (and 

mechanical) properties had to be correlated with the observed near infrared spectra. 

Structural details were investigated using simple X-ray scattering techniques. With the use 

of the chemometric model, it was possible to correlate the infrared spectra with structural 

(and mechanical) properties. Subsequently, a fast method for quality control of the 

production parameter was implemented in the process. 

The structure of a clay polypropylene nanocomposites was investigated in greater detail in 

chapter 4. The structure around an agglomerate was investigated, using a small X-ray 

beam. Different structure formations of polypropylene (�- and �-form) around a layered 

silicate stack were observed. The different superstructures of the silicate layers were noted 

as well. Agglomerated layers of clay were surrounded by a highly intercalated clay 

structure, which in turn was surrounded by an exfoliated polypropylene-clay bulk. 

Structural details of clay polypropylene nanocomposites under process related 

temperatures were also considered in chapter 4. It was shown that: the gap distance of the 

organic modified montmorillonite increased at process related temperatures (easier to 

intercalate), a super structure (card house) was found in the high filled sample and the 

differences in structure between low and high filled samples at process related 

temperatures were pointed out. These findings should help to optimize the production 

process.  

In chapter 5, the micromechanisms of deformation in virgin and clay filled PP were 

investigated. The chapter starts with a qualitative analysis of deformation mechanism. Due 

to the difference in virgin and clay-reinforced polypropylene, further investigations were 

performed. Orientation determination at and around a crack tip under external load 

delivered information on the deformation mechanism. A very thin zone with high degree of 
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orientation was found in clay polypropylene nanocomposites and was related to brittle 

failure. A broad zone with low degree of orientation was related to a ductile failure 

mechanism in virgin polypropylene. Additionally, a method to correlate micro-strains 

(strains in crystallographic planes) with applied strains is presented. This was obtained via 

the determination of X-ray specific elastic constants. These constants can be applied for 

stress determination in selective and inaccessible regions. The suggested approach 

functioned efficiently unless the crystallographic planes of the polymer (and 

nanocomposite) are not rearranged due to applied stress. 

The correlation of structural and (macro) mechanical properties was illustrated in chapter 

6. There, the exfoliation process with the adaptation of the production route melt 

compounding is illustrated in great detail. It is evident that tuneable clay nanocomposites 

(with different types of virgin polypropylene) can be produced over a semi-industrial 

process route. Furthermore, macroscopic mechanical properties can be correlated as 

follows: highly intercalated clay polypropylene nanocomposites exhibit a high stiffness 

and a low elongation at break; nevertheless, for composites with a high degree of 

exfoliation, the mechanical properties change to a lower stiffness and a higher strain at 

break. Henceforth, a structure-property relationship was found and interpreted via the 

means of sophisticated methods. 

7.2 Outlook

In addition to the above mentioned findings, resulting from the conducted scientific study, 

further demand for future research work has become apparent. 

Establishing appropriate routines for a standard analysis of clay polymeric nanocomposites 

was not possible due to the highly complex optimization of the developed Matlab code, 

which in turn was based on Vaia 2003 (see chapter 2.2). With the approach mentioned 

here, it is possible to gather more structural information, therefore posing as a next step 

forward to broaden the currently existing perception of clay-containing polymeric 

nanocomposites. 

Further investigations on structural details seem to be necessary to fully understand the 

structure of clay polypropylene nanocomposites. �-polypropylene formation and the 

location of �-polypropylene are quite unclear. Three-dimensional X-ray measurements of 

such  layered stack pose as a possibility to clarify the formation of �-polypropylene. Other 
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methods like infrared spectroscopy can provide additional information on  �-formation. 

The influence of the found �-polypropylene on mechanical properties should be 

investigated as well. In paper 5, the increase of the long period during cooling is quite 

mysterious. Meanwhile, the formation of smectic phases near the layered stacks can be 

explained as a mesomorphic state, where the molecules are oriented in layers. 

Consequently, if the composite is able to build smectic phases, the influence on mechanical 

and structural properties should be determined. The production of highly oriented and 

layered polymer segments (smectic phases) can increase the mechanical properties 

dramatically.  

The wide field of fracture mechanics may give some further explanations, concerning the 

deformation mechanism of clay-containing polypropylene nanocomposites. Fatigue crack 

growth tests can be utilized as a "nanomicroscope" (during one cycle, crack length changes 

in the nanometer range) and can help understand deformation mechanism and the influence 

of layered silicates on mechanical behaviour. 

The issue “long-term mechanical behaviour of clay-reinforced polypropylene” was not 

considered during this thesis. Further investigations on this field of work are still ongoing.  

 


