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Abstract 
 

The present work focuses on the structure-property relationships of 

particulate-filled thermoplastics and thermoplastic elastomer (TPE). In this work 

two thermoplastics and one TPE were used as polymer matrices, i.e. amorphous 

bisphenol-A polycarbonate (PC), semi-crystalline isotactic polypropylene (iPP), 

and a block copolymer poly(butylene terephthalate)-block-poly(tetramethylene 

glycol) TPE(PBT-PTMG). For PC, a selected type of various Aerosil® nano-SiO2 

types was used as filler to improve the thermal and mechanical properties by 

maintaining the transparency of PC matrix. Different types of SiO2 and TiO2 

nanoparticles with different surface polarity were used for iPP. The goal was to 

examine the influence of surface polarity and chemical nature of nanoparticles on 

the thermal, mechanical and morphological properties of iPP composites. For 

TPE(PBT-PTMG), three TiO2 particles were used, i.e. one grade with hydroxyl 

groups on the particle surface and the other two grades are surface-modified with 

metal and metal oxides, respectively. The influence of primary size and dispersion 

quality of TiO2 particles on the properties of TPE(PBT-PTMG)/TiO2 composites 

were determined and discussed.  

All polymer composites were produced by direct melt blending in a twin-screw 

extruder via masterbatch technique. The dispersion of particles was examined by 

using scanning electron microscopy (SEM) and micro-computerized tomography 

(µCT). The thermal and crystalline properties of polymer composites were 
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characterized by using thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC). The mechanical and thermomechanical properties 

were determined by using mechanical tensile testing, compact tension and 

Charpy impact as well as dynamic-mechanical thermal analysis (DMTA). 

The SEM results show that the unpolar-surface modified nanoparticles are better 

dispersed in polymer matrices as iPP than polar-surface nanoparticles, especially 

in case of using Aeroxide® TiO2 nanoparticles. The Aeroxide® TiO2 nanoparticles 

with a polar surface due to Ti-OH groups result in a very high degree of 

agglomeration in both iPP and TPE matrices because of strong van der Waals 

interactions among particles (hydrogen bonding). Compared to unmodified 

Aeroxide® TiO2 nanoparticles, the other grades of surface modified TiO2 particles 

are very homogenously dispersed in used iPP and TPE(PBT-PTMG). The 

incorporation of SiO2 nanoparticles into bisphenol-A PC significantly increases 

the mechanical properties of PC/SiO2 nanocomposites, particularly the resistance 

against environmental stress crazing (ESC). However, the transparency of 

PC/SiO2 nanocomposites decreases with increasing nanoparticle content and 

size due to a mismatch of infractive indices of PC and SiO2 particles. The different 

surface polarity of nanoparticles in iPP shows evident influence on properties of 

iPP composites. Among iPP/SiO2 nanocomposites, the nanocomposite 

containing SiO2 nanoparticles with a higher degree of hydrophobicity shows 

improved fracture and impact toughness compared to the other iPP/SiO2 

composites. The TPE(PBT-PTMG)/TiO2 composites show much better thermal
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and mechanical properties than neat TPE(PBT-PTMG) due to strong chemical 

interactions between polymer matrix and TiO2 particles. In addition, better 

dispersion quality of TiO2 particles in used TPE(PBT-PTMG) leads to dramatically 

improved mechanical properties of TPE(PBT-PTMG)/TiO2 composites. 
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Kurzfassung 
 

Die vorliegende Arbeit beschäftigt sich mit den 

Struktur-Eigenschafts-Beziehungen von mit sphärischen Nanopartikeln gefüllten 

Thermoplasten und thermoplastischen Elastomeren (TPE). In dieser Arbeit 

wurden zwei verschiedene Thermoplaste und ein TPE als Polymermatrix 

ausgewählt: ein amorphes Bisphenol-A Polycarbonat (PC), ein teil-kristallines, 

isotaktisches Polypropylen (iPP) und ein Blockcopolymer 

Poly(butylenterephthalat)-block-poly(tetramethylenglykol) (PBT-PTMG) Polymer. 

In PC wurden SiO2 Nanopartikel eincompoundiert, um die thermischen und 

mechanischen Eigenschaften der Matrix - unter Beibehaltung der Transparenz - 

zu erhöhen. Unterschiedliche Typen von SiO2 und TiO2 Nanopartikel mit 

unterschiedlicher Oberflächenpolarität wurden in iPP eingesetzt. Das Ziel war es, 

den Einfluss von Partikelzugabe, Oberflächenpolarität, sowie chemischem 

Eigenschaftsprofil der Partikel auf die thermischen und mechanischen 

Eigenschaften von iPP zu analysieren. Für TPE(PBT-PTMG) wurden drei Typen 

von TiO2 Partikel eingesetzt, davon eine Type mit Hydroxylgruppen (OH-Gruppen) 

auf der Partikeloberfläche, die anderen zwei Typen sind oberflächenmodifiziert 

mit Metallen/Metalloxiden bzw. Polyalkoholen. Der Einfluss von primärer 

Partikelgröße und Dispergierqualität der Partikel auf die Eigenschaften von 

TPE(PBT-PTMG)/TiO2 Kompositen wurde studiert und diskutiert. 

Alle Komposite wurden über Doppelschneckenextrusion, dem sogenannten 

Masterbatch-Verfahren, hergestellt. Die Dispergierqualität von Partikeln in dem
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jeweiligen Polymer wurde über Rasterelektronenmikroskopie (REM) und 

Mikro-Computertomograf (µCT) untersucht. Die thermischen Eigenschaften, 

sowie die Kristallinität der hergestellten Komposite wurden mittels 

Thermogravimetrie (TGA) und  dynamischer Differenzkalorimetrie (DSC) 

charakterisiert. Die Bestimmung der mechanischen und thermomechanischen 

Eigenschaften der polymeren Komposite erfolgte unter anderem durch 

quasistatische Zugversuche, Compact Tension (CT), Schlagzähigkeitsversuche 

und dynamisch-mechanisch- thermische Analyse (DMTA). 

Das Ergebnis der REM Untersuchungen zeigte, dass im Falle von TiO2 die 

oberflächenmodifizierten Nanopartikel besser in polymere Matrices z.B. 

TPE(PBT-PTMG) eindispergiert werden können als die nicht 

oberflächenmodifizierten Nanopartikel; dies besonders im Falle von Aeroxide® 

TiO2 Nanopartikeln. Die nicht modifizierten Aeroxide® TiO2 Partikel weisen 

aufgrund von starken Van der Waals Wechselwirkungen (H-Brücken), starke 

Agglomerationen auf, sowohl in iPP als auch in TPE(PBT-PTMG). Im Gegensatz 

dazu liegen die modifizierten TiO2 Partikel sehr homogen in iPP und 

TPE(PBT-PTMG) dispergiert vor. Die Zugabe von SiO2 Nanopartikel in PC führte 

zu einer signifikanten Erhöhung der mechanischen Eigenschaften von PC/SiO2 

Nanokompositen, besonders wurde die Spannungsrissbeständigkeit von PC 

erheblich verbessert. Jedoch wurde die Transparenz von PC/SiO2 Kompositen 

nach der Partikelzugabe wegen nicht optimal passender Berechungszahlen von 

beiden Phasen vermindert. Die Oberflächenpolarität von Nanopartikel in iPP 
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zeigte einen deutlichen Einfluss auf die mechanischen Eigenschaften von iPP 

Komposite. Die iPP/SiO2 Komposite, bei welchen die SiO2 Partikel eine höhere 

Hydrophobizität aufweisen, zeigen eine bedeutend höhere Bruchzähigkeit und 

Schlagzähigkeit als die iPP/SiO2 Komposite, bei welchen hydrophilere 

SiO2-Typen eingesetzt wurden. Die TPE(PBT-PTMG)/TiO2 Komposite zeigen im 

Vergleich zu reinem TPE(PBT-PTMG) aufgrund chemischer Wechselwirkungen 

zwischen Matrix und TiO2 Partikeln deutlich verbesserte thermische und 

mechanische Eigenschaften. Die bessere Dispergierqualität von TiO2 Partikeln in 

TPE(PBT-PTMG) führte zu einer signifikanten Erhöhung der mechanischen 

Eigenschaften von TPE(PBT-PTMG)/TiO2 Komposite.  
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1 State of the Art 

1.1 Introduction 

Since the first commercial hybrids polyamide 6 nanocomposites were developed 

in the mid 80’s by Toyota research group [1], the development of polymer 

nanocomposites is rapidly increasing by potential applications in different industry 

sectors. Nowadays, polymer-based composites have attracted great attention in 

both industry and academia. Polymers can be modified with different fillers, which 

enhance the mechanical, thermal and wear resistance properties of polymer 

matrix. Polycarbonate (PC) is classified as an amorphous engineering 

thermoplastic widely used in many fields of applications because of its convincing 

mechanical and optical properties [2-5]. Transparency is a key property of PC. 

The optical properties, combined with the material toughness, strength, and 

resistance to UV light, make PC an alternative material towards glass in many 

applications. For example, PC has been used in the medical market regarding its 

transparency and unique mechanical properties, such as filter housings, tubing 

connectors and surgical staplers [6]. However, it has been found that PC exhibits 

stress-crazing (cracking) under influence of stress in some environments (ESC) 

[7-11]. This may lead to disastrous consequences during applications. It is known 

that addition of inorganic fillers to PC can achieve some improvements of 

mechanical and electrical properties [12-15], but studies of filler influence on ESC 

of PC are still rare.  
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Polypropylene (PP) is one of the most widely used polyolefins due to its attractive 

properties and low cost. These attributes resulted in significant growth of PP 

production in recent years for application in automotive, food packaging, and 

home appliance industries. One of the major shortcomings of PP is the low 

toughness or resistance to fracture, especially at high deformation rate and at low 

temperatures. Besides, the stiffness of PP is also relative low compared to other 

most used plastics [16]. Many studies have shown that the mechanical properties 

of PP can be improved when inorganic fillers are well dispersed in PP matrix 

[17-28]. Chan et al. [29] have reported that the Izod impact strength of PP/CaCO3 

nanocomposites was drastically increased by approximately 300% and the 

notched impact toughness obtained by J-integral tests increased even by 500%. 

In the work of Thio et al. [30], the mechanical properties of PP composites 

containing CaCO3 particles with average diameters of 0.07, 0.7 and 3.5 µm were 

evaluated. The authors found that the addition of 0.7 µm diameter particles 

improved Izod impact energy up to four times in comparison with neat PP. Huang 

et al. [31] have investigated the mechanical properties of nanosilica filled PP 

composites. They found that both the tensile strength and the notched impact 

toughness of PP composites were markedly enhanced after surface treatment of 

nanosilica.  

Thermoplastic elastomers (TPEs) are materials which exhibit a unique 

combination of strength, flexibility and processability due to their phase-separated 

microstructure. One important class of TPEs are co-poly(ether ester)s. The 
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commercial polyester elastomers are mostly copolymers based on poly(butylene 

terephthalate) (PBT) as rigid segment and poly(tetramethylene glycol) (PTMG) as 

flexible segment. Many researchers concluded that the PBT-PTMG system after 

crystallization can be described by a two-phase model: a crystalline PBT phase 

and a homogenous amorphous PTMG phase mixed with non-crystalline PBT 

segments [32-34]. In recent years, the crystallization process, the microstructure 

and phase behaviour of PBT-PTMG systems have been studied in detail [35-39]. 

El Fray and co-workers investigated the influence of chemical composition on the 

phase structure and structure-property relationships of polyester-based TPEs [40]. 

Interesting results are reported on the basis of studies on the influence of 

chemical composition and molecular weight of PTMG segments on the 

mechanical properties of PBT-PTMG block copolymers [41, 42]. Over the last 

years, nano-reinforcement strategies have been exhaustively adopted for 

polymers of both thermoplastics and thermoset types. However, thermoplastic 

elastomers are scarcely studied [43].     

In this study, particulate-filled polymer composites based on thermoplastics and 

thermoplastic elastomer were systematically investigated. The influences of 

particle loading, particle surface polarity, particle content and particle size on the 

properties of polymer composites were characterized. Furthermore, the 

structure-property relationships of produced polymer composites were evaluated 

and discussed. 
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1.2 Background 

1.2.1 Thermoplastics and thermoplastic elastomer (TPE) 

Thermoplastics are polymers that melt to liquid when heated and solidify again 

when cooled. Most of thermoplastics are high molecular-weight polymers whose 

chains associate through weak Van der Waals forces such as polyethylene, or 

through stronger dipole-dipole interactions and hydrogen bonding such as nylon, 

or even stacking of aromatic rings as polystyrene. Thermoplastics are classified 

as noncrystallizable amorphous plastics and crystallizable semi-crystalline resins. 

The amorphous polymers are frequently used in applications where clarity is 

important. Typical amorphous thermoplastics are poly(methyl methacrylate) 

(PMMA), polystyrene (PS), and polycarbonate (PC). Such materials are elastic 

and flexible above a glass transition temperature (Tg). In general, amorphous 

polymers are less chemically resistant and can be subjected to stress cracking. 

Conversely, semi-crystalline thermoplastics are more resistant to solvents and 

other chemicals. In addition, semi-crystalline polymers are usually hazy or 

opaque due to large crystallites, for example, polyethylene (PE), poly(butylene 

terephthalate) (PBT), and polypropylene (PP). Such polymers become less brittle 

above Tg. 

 

Polycarbonate (PC) 

Polycarbonates are tough, strong, high-performance amorphous engineering 

thermoplastics which find widespread use in industry. They are polymers having 
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functional groups linked together by carbonate groups in a long molecular chain. 

Polycarbonates are ideal engineering plastics since they can be injection 

moulded and extruded. According to chemical structures, polycarbonates can be 

divided into poly(aromatic carbonate)s and poly(aliphatic carbonate)s. The most 

common type of polycarbonates is bisphenol-A polycarbonate (BPA-PC) which 

chemical structure is shown in Figure 1.2.1. A standard, natural, uncoloured PC 

typically shows high transparency to visible light with the following optical 

properties according to ASTM D 1003: light transmittance 89.0%, haze 1.0% and 

yellowness index 0.24. Although PC has very good mechanical properties such 

as high impact resistance and fracture toughness, it often exhibits unexpected 

cracking in chemical environments due to stress corrosion (ESC). Furthermore, 

PC usually shows an obvious discoloration after extruding process due to thermal 

degradation or hydrolysis of its carbonate groups, which are very sensitive to high 

temperature and hydroxyl groups [44, 45]. PC has a glass transition temperature 

of about 150 °C, so it softens gradually above this temperature and flows above 

300 °C.   

 

 

 

 

Figure 1.2.1: Chemical structure of bisphenol-A PC [2]. 
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Polypropylene (PP) 

PP is one of the most important commodity plastics, number two besides 

polyethylene (PE) in terms of global production [46]. Initially, PP was produced 

commercially about 50 years ago after the successful development of a 

stereo-specific Ziegler-Natta catalyst, which allowed the control of 

stereochemistry of polymers during polymerization process [47]. According to the 

position of methyl groups with respect to the backbone chains of PP, three 

stereoisomers can be obtained, i.e. isotactic PP (iPP), syndiotactic PP (sPP) and 

atactic PP (aPP) [48-51]. “Isotactic” means that all the methyl groups are on the 

same side of the PP back-bone chain. When the position of the side group 

alternates, it is called “syndiotactic”. Atactic means that the methyl groups are 

randomly placed on both sides of long polymer chain. Figure 1.2.2 shows all three 

tacticities of PP. The tacticity can significantly affect the crystallization behaviour 

and other polymeric properties. Both iPP and sPP are crystallizable whereas aPP 

is noncrystallizable, soft and tacky with very poor thermal and mechanical 

properties. The most commercially important stereoisomer of PP is iPP which 

shows good physical, mechanical and thermal properties. 
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Figure 1.2.2: Different tacticities of PP: (a) iPP, (b) sPP, and (c) aPP [48-51]. 

 

Homopolymer iPP is semi-crystalline and contains both crystalline and 

amorphous phases as shown in Figure 1.2.3. The relative amount of each phase 

depends on structural and stereochemical characteristics of the polymer chains 

and the conditions under which the polymer is produced. In the crystalline phase, 

there are three possible crystalline forms of PP, i.e. the monoclinic α-form, the 

hexagonal β-form and the triclinic γ-form [52], in which the α form is the dominant 

crystal form with a melting temperature of about 160 °C [53]. The β and γ-forms 

are less stable. 
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Figure 1.2.3: Macromolecular structure of a semi-crystalline iPP [48]. 

 

Thermoplastic elastomer (TPE) 

Thermoplastic elastomers are copolymers composed of two different types of 

segments, namely a hard crystalline phase and a soft rubbery phase. Strength of 

elastomers is provided by the hard phase, while the elastomeric behaviour arises 

from the soft phase. The TPEs are processed at a high temperature when the 

hard phase melts and flows. In the molten state, the hard and soft segments form 

a homogenous mixed phase. Upon cooling, the hard segments crystallize and act 

as physical crosslinks in the copolymers as shown in Figure 1.2.4.  

 

 

 

 

 

 

Figure 1.2.4: Phase-separated microstructure of TPEs [32].  
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The crystallization process of hard phase is the driving force for the phase 

separation in TPEs [38, 39, 54]. Generally, TPEs are low modulus, flexible 

materials that can be stretched repeatedly to at least twice their original length at 

room temperature with an ability to return to their approximate original length 

when the stress is released. TPEs have already proven their performance for a 

wide variety of applications in automotive, electrical/electronic and various other 

industrial and consumer products. 

 

Among variety of TPEs synthesized and studied so far, poly(ether ester)s have 

attracted special attention such as PBT-PTMG block copolymer. The first 

poly(ether ester) copolymers obtained by modification of poly(ethylene 

terephthalate) with up to 20 wt% of poly(ether) were described by Coleman [55]. 

After that, the Dupont Co. developed poly(ether ester) elastomers which were 

commercially introduced in 1972 under the trade name Hytrel®. Nowadays, the 

polyester-based TPEs are widely produced and used in many applications. 

Figure 1.2.5 shows the chemical- and phase-structure of a PBT-PTMG block 

copolymer in which PBT acts as the hard crystalline phase whereas PTMG is the 

soft amorphous phase. The major driving force for phase separation in this 

copolymer is the crystallization of hard PBT segments. The service temperature 

of the PBT-PTMG copolymer lies between the glass transition temperature of soft 

PTMG phase (about -50 °C for homopolymer [35-37]) and the crystalline melting 

temperature of hard PBT phase. The molecular weight and the weight percentage 

of a single composition in PBT-PTMG copolymer can strongly affect the thermal 



1 State of the Art                                                                            - 10 -  

properties of both compositions [38].    

 

 

 

 

 

 

 

 

Figure 1.2.5: Chemical- and phase-structure of PBT-PTMG block copolymer 

[32-33]. 

 

1.2.2 Nanofillers 

In the last decade, methods have been developed to prepare and characterize 

nanomaterials of different chemical compositions and aspect ratios (length/width 

ratio) with nano-size in either three dimensions (3D: particles as silica, carbon 

black, etc.), two dimensions (2D: carbon nanotubes – CNTs, needle-like clays, 

glass fibres, etc.) or one dimension (1D: lamellar inorganics such as layered 

silicates, clays, phosphates, etc.) as shown in Figure 1.2.6 [56, 57].  
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Figure 1.2.6: Classification of common nanostructured materials according to 

their geometries: (a) particulate material, (b) fibrous material, and (c) layered 

material [56, 57].   

 

In the case of nanoparticles with a small aspect ratio of 1, inorganic nanofillers 

such as metals (Fe, Au, Cu, etc.), metal oxides (TiO2, ZrO2, Al2O3, etc.) and 

non-metal oxides (e.g. SiO2) have been used as reinforcements in different 

polymers. The incorporation of nanoparticles in polymers can result in a dramatic 

change in the material properties depending on the size and surface nature of 

used nanofillers. The surface area of nanoparticles plays an important role in 

polymer/nanoparticle composites influencing the interfacial properties, the 

agglomeration behaviour and the physical and mechanical properties of 

composites. The smaller the particle diameter, the greater is the surface area of 

particles per unit volume [58]. The selection of nanoparticles depends on the 

desired material properties, such as improvement in mechanical, thermal, 

electrical or barrier properties. For example, metal fillers can improve the creep 
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properties at high temperatures; TiO2 can be used as a white pigment due to its 

brightness and flame retardant for many polymers while SiO2 nanoparticles are 

often used because of their “extremely” high thermal stability [59-61]. 

 

Aerosil® SiO2 and TiO2 nanoparticles and particle surface modification 

Gas-phase synthesis (flame hydrolysis) is a well-known technique for the 

production of an extensive variety of nanoparticles. The commercial nanoparticles 

produced by this method comprise the largest share of the market e.g. as 

reinforcing fillers, for rheology control and as pigments. Examples are the 

pyrogenic silica, titania, alumina and industrial carbon black produced by Evonik, 

Germany. The nanosized powders are manufactured in gas phase at temperature 

up to 10000 Kelvin. The manufacturing process and conditions determine the size 

and morphology of the nanoparticles and hence their application properties [62]. 

In industrial products, primary nanoscale particles are normally not isolated but 

build up aggregates and agglomerates. In aggregates, the primary particles 

contact each other at surface or edges and they cannot be broken down further 

by shear forces applied by application [63]. Agglomerates are formed when 

aggregates and/or primary particles contact each other as shown in Figure 1.2.7. 
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Figure 1.2.7: Schematical Illustration of nanoparticles in different forms: (a) 

primary particle, (b) aggregate and (c) agglomerate [63].   

 

In the case of fumed silica or titania nanoparticles, the surfaces of nanoparticles 

contain a certain amount of hydroxyl groups formed during processing. These 

hydroxyl groups can build up hydrogen bonding among particles, resulting in a 

temporary, three-dimensional lattice structure as shown in Figure 1.2.8. Such 

hydrogen bonds belong to relative strong interactions with bond energy of about 

20 kJ/mol and are very difficult to be broken down [64]. 
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Figure 1.2.8: Schematically description of aggregate formation between fumed 

silica nanoparticles through hydrogen bonding [picture taken from technical 

information of particle supplier Evonik Co, Germany]. 

 

The great differences in the properties of polymer matrix and inorganic 

nanoparticles can often cause phase separation. Therefore, the interfacial 

interaction between two phases in nanocomposites is the most decisive factor 

affecting the properties of achieved nanocomposites. A variety of methods have 

been used to enhance the compatibility between hydrophobic polymer matrix and 

hydrophilic nanoparticles. The most frequently used method is to modify the 

surface of inorganic nanoparticles. There are two advantages regarding chemical 

surface modification of nanoparticles. One is the steric stabilization of 

nanoparticles towards agglomeration and the other is to improve the compatibility 

between particle surface and polymer matrix. Figure 1.2.9 shows schematically 

the surface modification process of polar silica or titania nanoparticles with 



1 State of the Art                                                                            - 15 -  

silanes [65].  

 

 

 

 

 

 

 

 

 
 
 

 

 

 

Figure 1.2.9: Schematic illustration of surface modification of silica nanoparticles 

with different silanes [65]. 

 

After this chemical treatment, alkyl chains with different chain length and structure 

will be bound via Si-O-SiO2 (or Si-O-TiO2) bridge linkages on particle surface, 

increasing the hydrophobicity of SiO2 or TiO2 nanoparticles. On the other hand, 

the alkyl chains on particle surface can significantly reduce the formation of 

hydrogen bonds due to steric hindrance, decreasing the degree of particle 

agglomeration as shown in Figure 1.2.10. 
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Figure 1.2.10: Low interaction between SiO2 nanoparticles after surface 

modification [picture taken from technical information of particle supplier Evonik 

Co, Germany]. 

1.2.3 Polymer composites and compounding techniques 

Interfacial tension and adhesion in iPP/SiO2 (TiO2) nanocomposites 

Among the various factors which determine the final performance of a polymer 

composite, the interfacial adhesion between nanoparticles and polymer matrix 

plays a very important role. Thermodynamic wetting of the nanoparticle surface 

by the polymer matrix is a necessary condition for particle-matrix adhesion and is 

determined by the free energies of the components [66, 67]. Application of 

surface energy criteria is practicable because the surface energy may be 

determined independently using wetting and surface tension measurements [68, 

69]. Generally, surface tensions ( ) of polymers vary linearly with temperature 

following the Guggenheim equation [70]: 

                         9/11
0 )1(

cT
T

                             (1.1) 
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Where 0  is the surface tension at T= 0 Kelvin and Tc is the critical temperature. 

Table 1.1 shows some polymers with their 0  and Tc values [71]. 

 

Table 1.1: Values of 0  and Tc of some polymers 

polymer 0  [mN/m] Tc [Kelvin] 

PE  53.71 1032 

PP 47.16 914 

polyisobutylene 53.74 918 

PS 63.31 967 

PMMA 65.09 935 

 

For iPP, 0  is 47.16 mN/m and Tc is 914 K. Thus, the surface tension of iPP at 

220 °C (493 K) can be calculated as 18.29 mN/m according to equation (1.1). As 

already known, iPP is a nonpolar polymer with relative low surface tension. By 

contrast, the untreated SiO2 and TiO2 nanoparticles are polar materials with OH- 

groups on the particle surface. The surface tensions of SiO2 and TiO2 

nanoparticles at 1500 K are 300 mN/m and 500 mN/m, respectively [72], 

indicating that the TiO2 nanoparticles have much higher surface polarity than the 

SiO2 nanoparticles. Furthermore, the polarity of materials is independent of 

temperature [73, 74]. The greater the polarity difference between two mixed 

phases, the greater will be their interfacial tension [71]. Therefore, the following 

relation can be obtained: 
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                     22 SiOiPPTiOiPP                            (1.2) 

This indicates that the interfacial tension between iPP matrix and TiO2 

nanoparticles is much larger than the value between iPP matrix and SiO2 

nanoparticles. According to [75], higher interfacial tension results in lower 

interfacial adhesion. Thus, the interfacial adhesion in iPP/SiO2 (untreated) 

composites is better than that in iPP/TiO2 (untreated) composites.   

The surface tension of a solid material can be divided into two parts, i.e. the 

dispersive ( d ) component and the polar ( p ) component, as suggested by 

Fowkes [76, 77]: 

                            pd                             (1.3) 

After surface modification of SiO2 and TiO2 nanoparticles with silanes, the polar 

component (
p ), which is partly caused by hydrogen bond, decreases due to 

introduction of hydrophobic alkyl chains onto particle surface, leading to 

decreased surface tension of respective nanoparticles and subsequent 

decreased interfacial tension between iPP matrix and surface-modified 

nanoparticles. For example, Table 1.2 shows the contact angles against water of 

some SiO2 and TiO2 nanoparticles from company Evonik [78].  
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  Table 1.2: Contact angles against water at 20°C of some SiO2 and TiO2 

nanoparticles [78] 

 

nanoparticles contact angle against water 
[degree°] 

Aerosil® 200 19.13 ± 0.12 

Aerosil® R805  

(surface modified based on Aerosil® 200) 

136.10 ± 5.19 

Aerosil® 300 16.30 ± 0.40 

Aerosil® R812 

(surface modified based on Aerosil® 300) 

84.73 ± 1.68 

Aeroxide® TiO2 P25 23.31 ± 1.82 

Aeroxide® TiO2 R805 143.10 ± 5.44 

 

For a given liquid with its own surface tension properties, it is water in this case, 

the lower the contact angles, the higher the specific surface tension/energy of the 

solid material. Conversely, the higher the contact angle, the lower the specific 

surface tension/energy of the solid material [79]. From Table 1.2, it is evident that 

the silane-modified SiO2 and TiO2 nanoparticles exhibit much lower surface 

tension than respective unmodified nanoparticles. 

As introduced above, the interfacial adhesion is weaker in iPP/SiO2 (TiO2) 

composites filled with polar unmodified nanoparticles because of larger interfacial 

tension. After surface modification of nanoparticles, the introduced alkyl chains on 

the particle surface can act as bridge to link polar particles and non-polar polymer 

matrix such as iPP. This helps to transfer the stresses between polymer matrix 
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and particles, thus improving the interfacial interaction in polymer composites. 

According to different adhesion mechanisms, the coupling forms include covalent 

bonds (>200 kJ/mol), dipole-dipole bonds, hydrogen bonds (~20 kJ/mol), and van 

der Waals forces (London forces, <16 kJ/mol) [63]. Covalent bonds are formed by 

the reaction of two chemical groups and typically result in the highest “adhesion”. 

Dipole-dipole interactions occur when the positive end of one polar molecule is 

attracted to the negative end of another polar group. The hydrogen bonding can 

only be formed when the hydrogen atom is connected to an electronegative atom 

such as nitrogen or oxygen. In the interphase between iPP and surface-modified 

nanoparticles, the alkyl groups have very limited polarity resulting in neither 

dipolar bonding nor hydrogen bonding. However, the surface-modified SiO2 or 

TiO2 nanoparticles can be well adhered in the iPP matrix due to chain 

entanglement in the interphase (van der Waals forces). Chain entanglement 

occurs either at elevated temperatures at which the organic molecules are highly 

mobile such as during extrusion process or in concentrated solution. Figure 

1.2.11 schematically describes the different interfacial interactions in 

surface-modified and unmodified particle-filled iPP/SiO2 composites. 

 

 

 

 

 



1 State of the Art                                                                            - 21 -  

 

 

 

 

 

 

Figure 1.2.11: Different interfacial interactions between iPP matrix and unmodified 

SiO2 nanoparticles (a) or silane-modified SiO2 nanoparticles (b). 

 

Interfacial interactions in TPE(PBT-PTMG)/TiO2 composites 

Metal oxide nanoparticles such as TiO2 can interact with acidic functionalities of 

polymers, increasing the particle-matrix interaction. As schematically illustrated in 

Figure 1.2.12, different bonding modes between carboxylate group in PBT-PTMG 

copolymer and TiO2 particle are reported [80, 81].  

 

 

 

Figure 1.2.12: Binding modes between carboxylate group and TiO2 nanoparticles: 

(a) chelating bidentate, (b) monodentate, (c) bridging dentate, and (d) hydrogen 

bonding [80, 81]. 
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In the first case, carboxylate is bounded to one Ti (IV) center in a chelating 

bidentate mode (a). The carboxylate could also be bounded to one Ti (IV) atom in 

a monodentate (ester-like linkage) mode (b) and next, the carboxylate group 

could bind with each of its oxygen atoms to two Ti (IV) atoms yielding the bridging 

bidentate mode (c). These three binding modes are the dominant bond structures 

with bond energy of about 100 kJ/mol. Besides these three direct binding modes, 

carboxylate could also build up hydrogen bonding with hydroxyl groups on the 

titania surface as shown in mode (d). According to [81], the hydrogen binding 

comprises about 3% of the total binding modes, the ester-like monodentate 

accounts for 63% and the chelating together with bridging modes account for 

34%. All these chemical bonds provide excellent adhesion between polymer 

matrix and TiO2 particles, influencing the morphological, thermal and mechanical 

properties of TPE(PBT-PTMG)/TiO2 composites.  

 

Compounding techniques for polymer composites 

The main difficulty in the mixing process is always the effective dispersion of the 

nanoparticles, because they usually exist as agglomerates/aggregates due to 

Van der Waals forces among the particles (large specific surface area). To 

prepare polymer nanocomposites different methods have been applied, such as 

in-situ polymerization, solvent-assisted techniques and direct melt blending 

techniques [82]. In-situ polymerization allows adjusting the chemistry to optimize 

the affinity between nanofillers and polymer matrix. Different types of 
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polymerization methods have been used to prepare polymer composites, such as 

in solution [83], in suspension [84], and in emulsion [85]. Latex- or 

water-mediated melt compounding is a promising technique to prepare polymer 

composites in which latex or water is used as dispersing assistants for nanofillers. 

The latex- or water slurry containing nanofillers can be introduced into polymer 

melt during melt compounding process [59]. Among various compounding 

methods, the direct melt compounding method is usually more practical and 

economical than other methods [86]. Different direct melt blending techniques 

with increasing shear forces like simple laboratory dissolver stirrers generate only 

small mechanical forces while high speed stirrers (up to 25000 rpm) and high 

pressure homogenizers (up to 108 Pa) enable a pronounced deagglomeration of 

nanoparticles. These techniques can be applied at composite viscosities below 

10 Pa∙s [87]. Mixer-kneader and extruders allow for the processing of high 

viscous polymer melts. In the latter case the resulting shear forces depend also 

on the configuration of the used extruder screws.  

In the industry, twin-screw extrusion is one of the most commonly used 

techniques for compounding of fillers and additives into polymers. This technique 

offers the possibility of continuous production. Depending upon the direction of 

rotation of the twin screws as shown in Figure 1.2.13, the extruders are divided 

into co- and counter-rotating extruders. In contrast to the counter-rotating twin 

screw extruder which forms closed chambers, conveying of the polymer melt in 

the co-rotating twin screw extruder is a result of the drag flow and pressure flow.  
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Figure 1.2.13: Schematic illustration of screw rotations in a twin-screw extruder: 

(A) counter-rotation, and (B) co-rotation (picture taken from [46]). 

 

During processing the polymer melt is moving from one screw to the other so that 

the material melt cannot stick in the channel-grounds. There are different screw 

elements with different geometries available for conveying, mixing, and kneading 

function as shown in Figure 1.2.14, so that different screw configurations can be 

adapted for different process tasks. Figure 1.2.15 gives a schematic illustration of 

a twin-screw extruder. 

 

 

 

 

 

 

 

Figure 1.2.14: Screw elements: (a) conveying elements, (b) mixing elements, and 

(c) kneading blocks. 
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Figure 1.2.15: Schematic illustration of a twin-screw extruder. 
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1.2.4 Behaviour analysis of polymer composites 

Optical properties of materials 

The typical parameters characterizing the transparency of a material are the light 

transmittance, the haze, and the clarity. Figure 1.2.16 illustrates some 

dimensionless parameters that are commonly measured in order to characterize 

the optical properties of materials.  

 

 

 

 

 

 

Figure 1.2.16: Parameters used to characterize the transparency of materials 

[88]. 

 

As shown in figure 1.2.16, a light beam Φ0 is incident upon a sample, and a 

diminished undeviated transmitted beam Φt emerges on the far side. The 

forward-scattered light flux denoted by Φf may be subdivided into two ranges of 

scattering angle, namely from 0° to 2.5° ( 5.2
0)( f ) and from 2.5° to 90° ( 90

5.2)( f ). The 

light transmittance and haze are defined as follows [88]: 
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where LD, LT and H are the direct light transmittance, the total light transmittance, 

and the haze, respectively. Different from the test situation for haze and light 

transmittance, where the standard measurement is widely used and almost 

universally accepted, there are several methods for characterization of clarity, 

which differ in principle and detail [89]. Small-angle scattering method is often 

used to determine the clarity of materials. By using this method, small-angle 

scattering deflects the light beam into small angles, so that the light intensity is 

concentrated within this narrow angular range and detected.  

In general, light losses are mainly due to reflection at the outer surface of samples 

and at the interfaces between polymeric matrix and dispersed particles. This 

reflection occurs because of the difference in the refractive indices between 

different media. The reflection coefficient R is given by Fresnel’s equation [90]:  
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nn
nnR                           (1.5) 

where n1 and n2 are the refractive indices of polymeric matrix and particles, 

respectively. From equation (1.5), the larger the difference in refractive indices of 

media, the more light will be reflected (lost).        
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Time-temperature superposition 

Polymers, because of their viscoelastic nature, exhibit behaviour during 

deformation which is both temperature and time (frequency) dependent. For 

example, polymers can slowly deform under constant loading at room 

temperature. This phenomenon is creep. It occurs because the polymers under a 

load undergo molecular rearrangement in an attempt to minimize localized 

stresses. This time and temperature dependent behaviour is an important 

characteristic of polymers which affects the life-time of end-use products. It was 

pointed out that the effects of time and temperature are equivalent [91]. That 

means high temperature and long time have similar effect on the polymers. 

Accordingly, the large drawback of long-term creep test can be overcome by 

shifting curves measured at different temperatures over short time periods. This 

method is called Time-temperature superposition (TTS). Using TTS method the 

long-term creep behaviour of materials can be predicted based on short-term 

creep tests at higher temperatures [92-95].  

In general, the creep compliance J(t) can be described as the ratio of strain (ε) to 

stress (σ) at a certain time (t) [95]: 

                         


 ),(),( tTtTJ                           (1.6) 

The curves of creep compliance obtained at different temperatures can be 

superposed by horizontal shifting along the logarithmic time scale to obtain the 

master curve as shown in Figure 1.2.17. The degree of horizontal shifting (time) is 

called shift factor which can be mathematically described with respect to 
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temperature.  

 

 

 

 

 

 

Figure 1.2.17: Schematic description of time-shift procedure [93]. 

 

The first empirical model to describe the relation between temperature and shift 

factor is the Williams-Landel-Ferry (WLF) equation [96]: 

                      
)(
)(

log
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01

TTC
TTC

aT 


                        (1.7) 

where T  is the horizontal shift factor, T and T0 are the experimental and 

reference temperatures in Kelvin (K), C1 and C2 are constants. For many 

amorphous polymers, T0 is usually taken as the glass transition temperature Tg. 

The WLF equation is typically used to describe the time-temperature behaviour of 

polymers in the glass transition region.  

The other model which is commonly used to relate the shift factors with respect to 

temperature is the Arrhenius equation [97]: 

                         )11(log
0TTR

EaT                        (1.8) 
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where E is the activation energy associated with the relaxation transition, R is the 

common gas constant (R = 8.314 J/mol). The Arrhenius equation is typically used 

to describe the viscoelastic events associated with β and γ relaxation transitions 

or for the glass transitions associated with semi-crystalline polymers.  

 

Fracture mechanics of polymer composites: Linear Elastic Fracture 

mechanism (LEFM) 

In modern materials science, fracture mechanics is an important tool in improving 

the mechanical performance of materials and components. It applies the physics 

of stress and strain, in particular the theories of elasticity and plasticity, to the 

microscopic crystallographic defects found in real materials in order to predict the 

macroscopic mechanical failure of materials. In the case of brittle materials, for 

example, fibre or particle-filled polymer composites, the linear elastic fracture 

mechanism or LEFM is usually applied to determine the fracture behaviour of 

these materials. However, there are some conditions to be taken into 

consideration by using the LEFM, i.e. [98] 

 Crack has been initiated in the material. 

 Material is linearly elastic and isotropic. 

 Plastic zone near the crack tip is very small. 

 

There are three ways of applying a force to enable a crack to propagate as 

described as follows and shown in Figure 1.2.18: 

Mode I----Tension, normal to the faces of the crack (opening mode) 
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Mode II----Shear, normal to the crack front in the plane of the crack (edge sliding 

mode). 

Mode III----Shear, parallel to the crack front (tearing mode). 

The most commonly found failures are due to cracks propagating predominantly 

in mode I, and for this reason materials are generally characterized by their 

resistance to fracture in mode I.  

 

 

 

 

 

 

Figure 1.2.18: Different fracture modes in a real material [98]. 

 

In order to describe the linear elastic area in front of the crack tip, a parameter K; 

the stress intensity factor, is used. According to LEFM concept, the stress 

intensity factor K; can be described as: 

)( faK i                                                    (1.9) 

W
a

                                                             (1.10) 

 

Where the term )(f  is a non-dimensional correction factor and usually 

expressed as a ratio of crack length to any convenient local characteristic 

dimension in the plane of the component. σ is the stress in front of the crack tip, 

a and W are the crack length and the ligament length of studied sample, 

respectively, i relates to the fracture mode I, II and III.     
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For a compact tension sample with initiated pre-crack a0 and ligament length W, 

the correction factor )(f  can be calculated as follows: 

)6.572.1432.1364.4886.0(
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The pre-crack in sample starts to propagate when the stress intensity factor Ki 

attains a critical value Ki c, i.e. the condition for crack propagation is ici KK  . The 

parameter Kic is called fracture toughness and depends on the material, 

temperature, strain rate, environment, and thickness of material. 

Depending on the thickness of materials, the plastic deformation and crack 

propagation can be divided into two types, i.e. plane stress and plane strain. In 

plane stress conditions, the plastic zone at the crack tip is produced by shear 

deformation through the thickness of the specimen. Such deformation is 

enhanced if the thickness of the specimen is reduced. If the specimen thickness 

is increased, the additional constraint on through-thickness yielding produces a 

triaxial stress distribution so that approximate plane strain deformation occurs 

with shear in the xy plane. There is usually a transition from plane stress to plane 

strain conditions as the specimen thickness is increased as illustrated in Figure 

1.2.19 [99]. 
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Figure 1.2.19: Influence of specimen thickness on fracture toughness and related 

stress states [99]. 

 

For a plane strain fracture in mode I, the fracture toughness KIC is considered as a 

true material property independent of sample thickness. In order to determine the 

fracture toughness KIc, the following condition by sample preparation should be 

fulfilled according to ASTM D5045-99 and ASTM E399-90 standards: 

55.045.0 0  Wa . 

 

The incorporation of rigid nanoparticles into polymer matrix leads to differences in 

the overall processes of crack propagation and fracture. The fracture process 

starts with the plastic deformation of the polymer matrix ahead of the initial crack. 
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The toughening of polymer plastics using inorganic particles has some rather 

complicated aspects, in which the crack front bowing mechanism has been 

treated as the major toughening mechanism in inorganic particle filled thermosets. 

The crack bowing mechanism was first proposed by Lange [100]. According to 

this mechanism, the rigid particles in polymer composites will resist the 

propagation of the crack. The initial primary crack has to be bent between 

particles (bowing). The bowed secondary crack has more elastic energy stored 

than the straight unbowed crack. Therefore, more energy is needed for crack 

propagation in composites. This mechanism has successfully explained the 

toughening of polymers in many cases [101, 102]. However, the applicability of 

this mechanism is questionable in the case where the rigid particles in the order 

of 50 nm or less, because such small particles may not be able to resist the 

propagation of the crack [103]. 

Besides crack bowing mechanism, the micro mechanism regarding plastic 

deformation and particle debonding is widely accepted. In particulate-filled 

polymer nanocomposites, the micromechanisms leading to the plastic 

deformation are the debonding of particles (creating dimples) and the further 

plastic flow of the matrix zones, which are locally stretched until rupture by tearing. 

In general, the failure sequence can be briefly described in two steps as shown in 

Figure 1.2.20, i.e. formation of voids (debonding) and subsequent coalescence of 

voids under imposed load [104]. Assuming a poor adhesion between matrix and 

particles, the particles detach easily from the polymer matrix by creating voids. 
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With further plastic deformation, these voids grow in stress direction, forming 

dimple-like holes around the particles (step I). In the next stage of loading, the 

rest of the matrix deforms under shear conditions until the previous holes 

coalesce and final fracture occurs (Step II). The debonding in step I obviously 

depends on the filler shape (stress concentration effect) and on the filler-matrix 

adhesion. The strain levels in step II are considerably reduced by increasing filler 

volume fraction, and thus with decreasing interparticle distance [105].   

 

 

Figure 1.2.20: Stages of crack formation and propagation around rigid particles in 

a ductile matrix.  

 

Interphase analysis and interfacial interactions 

The mechanical properties of polymer composites depend crucially upon the 

efficiency of stress transfer from the polymer matrix to the fillers which will be 

influenced by the interphase. The interphase in composites is the boundary layer 
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between filler surface and polymer matrix which exhibits local properties different 

from those of the bulk matrix. Unlike fiber-reinforced composites, the interfacial 

behaviours in particulate-filled polymer composites are difficult to measure 

directly. Sumita and co-workers [106] used the energy dissipation in dynamic 

mechanical analysis (DMA) to identify the effective volume fraction (φe) of 

dispersed phase as well as the interphase thickness (Δr). In this case, the 

effective volume fraction of dispersed particles composes of the filler volume plus 

the region of the ‘‘immobilized’’ matrix associated with the interfaces as described 

in a simplified mode in Figure 1.2.21.  

 

 

 

 

 

 

Figure 1.2.21: Scheme of interphase between polymer matrix and reinforcing 

particles [106].  

 

It is thought that the interphase does not contribute to energy dissipation. 

Accordingly, the ratio of energy dissipated per cycle of vibration in a unit volume 

for the composite (Wc) to the unfilled system (W0) is approximately: 
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( 0WWC ) is approximately equal to the ratio of loss modulus ( ''
0

'' EEc ). A 

parameter B is used to describe the relationship of the effective volume ( e ) and 

the real volume fraction ( f ) of the filler. Thus, the equation (1.9) can be 

described as: 
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where r  is the radius of a dispersed single nanoparticle. Using these equations 

the effective volume fraction of particles as well as the interphase thickness in 

polymer composite can be determined. 

Rong et al. [8] have used another model developed by Pukánszky and 

co-workers to predict the interfacial interactions in composites filled with particles: 
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where c  and 0  are the tensile strengths of the polymer composite and the 

neat matrix, respectively, fB  is a parameter characterizing the interfacial 

interactions between polymer matrix and particles. 
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2 Objectives of the Study 

In this study, two thermoplastics, i.e. amorphous polycarbonate and semi-crystalline 

polypropylene and one polyester-based thermoplastic elastomer (TPE) were used as 

polymer matrices. The composites filled with different spherical nanoparticles were 

produced by direct melt blending in a twin-screw extruder and then injection moulded. 

The morphological, thermal, mechanical and optical properties of all produced 

polymer composites were characterized.  

 

The following objectives were considered: 

1. Selected SiO2 nanoparticles were incorporated into amorphous polycarbonate 

to enhance the thermal and mechanical properties of PC. Besides 

improvements in thermal and mechanical properties, the optical properties of 

PC should be maintained. 

2. Surface-modified and unmodified SiO2 and TiO2 nanoparticles were introduced 

into semi-crystalline iPP. The goal was to investigate the influence of particle 

loading, particle surface polarity, particle content, and the chemical nature of 

particles on thermal and mechanical properties of iPP composites. 

3. Different kinds of hydrophilic TiO2 particles in different sizes were used as 

reinforcing fillers for TPE(PBT-PTMG). The objective was to study the effect of 

TiO2 particles as a function of particle content and particle size on thermal and 

mechanical properties of TPE(PBT-PTMG)/TiO2 composites. 

 

According to the final results achieved, the structure-property relationships in 

respective polymer composites were investigated and discussed. An overview of 

the studied polymer composites is given in Figure 2.1. 
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Figure 2.1: Overview of the studied polymer composites in this work. 
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3 Experimental 

3.1 Materials 

3.1.1 Polymer matrices 

Granulated bisphenol-A PC was provided by Bayer AG, Germany (Makrolon 3105). Its 

melt flow rate and density are 6.0 g/10min and 1.20 g/cm3, respectively. The refractive 

index at 589 nm light wavelength is 1.587. The chemical structure of this PC is shown 

in Figure 1.2.1 (chapter 1.2.1). 

Homopolymer iPP granules were purchased from Lyondell-Basell Polymers 

(Moplen-HP 400R). The melt flow rate and the density of this iPP are 25 g/10min and 

0.89 g/cm3, respectively. The chemical structure of iPP is shown in Figure 3.1. 

 

 

 

Figure 3.1: Chemical structure of iPP [48]. 

 

The granules of TPE(PBT-PTMG) block copolymer were friendly provided by Allod 

Werkstoff GmbH & Co. KG (Germany). The weight percent and molecular weight of 

soft PTMG segment in this copolymer are about 50% and 1000 g/mole, respectively. 

The chemical structure of this material is shown in Figure 1.2.4 (chapter 1.2.1).  

3.1.2 Reinforcing particles 

Aerosil® SiO2 and Aeroxide® TiO2 nanoparticles  

Gas-phase synthesized SiO2 and TiO2 nanoparticles were provided from Evonik 

GmbH, Germany. The important characteristics of used nanoparticles are given in 
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Table 3.1.  

Table 3.1: Important characteristics of Aerosil® SiO2 and Aeroxide® TiO2 nanoparticles  

 

The unmodified SiO2 and TiO2 nanoparticles (indicated as C0-particles) have 

hydrophilic nature with OH-groups on particle surface. After surface modification with 

silanes, the nanoparticles become more hydrophobic because of introduction of alkyl 

chains on the particle surface. Figure 3.2 shows the morphology of C0-SiO2 and 

C0-TiO2 nanoparticles before compounding into polymer matrices. It is evident that 

the small nanoparticles result in agglomeration in powder form. The surface-modified 

nanoparticles (indicated as D4-, 3C1-, C8-, and C16-particles according to the number 

and length of alkyl chains on particle surfaces) show similar size and spherical shape 

as C0-particles.  

particle 
types 

surface 
area  

[m2/g] 

primary 
diameter 

[nm] 

carbon 
content 
[wt%] 

Surface  
property  

 

Aerosil® 
R106 

(D4-SiO2) 

250 7 1.5-3.0 octamethylcyclotetrasiloxane-modified 

Aerosil® 
150 

(C0-SiO2) 

150 14 0 unmodified, hydrophilic 

Aerosil® 
R8200 

(3C1-SiO2) 

160 12 2.0-4.0 hexamethyldisilazane-modified 

Aerosil® 
R805 

(C8-SiO2) 

150 12 4.5-6.5 octylsilane-modified 

Aerosil® 
R816 

(C16-SiO2) 

190 12 0.9-1.8 hexadecylsilane-modified 

Aeroxide® 
P25 

(C0-TiO2) 

50 21 0 unmodified, hydrophilic 

Aeroxide® 
T805 

(C8-TiO2) 

50 21 2.7-3.7 octylsilane-modified 
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Figure 3.2: SEM micrographs of C0-SiO2 and C0-TiO2 nanoparticles before loading 

(scale: 200 nm). 

 

TiO2 (15 nm) particles 

The TiO2 (15 nm) nanoparticles were used as filler for TPE(PBT-PTMG). This type of 

nanoparticles was supplied by Sachtleben Chemie GmbH (Germany) under the trade 

name of HOMBITEC RM 300. According to supplier’s information, HOMBITEC RM 

300 is coated with Al2O3 and also includes an additional surface treatment 

(polyalcohol) to enhance dispersibility. The important characteristics of this 

nanoparticle type are listed in Table 3.2. The morphology of this particle type is shown 

in Figure 3.3. It can be seen that the nanoparticles result in agglomeration in powder 

form. 

 

TiO2 (300 nm) particles 

In order to study the effect of particle size on thermal and mechanical properties of 

TPE(PBT-PTMG) composites, the TiO2 (300 nm) particles under the trade name of 

Kronos® 2310 were used (Kronos International Inc. Germany). The TiO2 (300 nm) 

particles were pre-treated with metal and metal oxides (total 4.0% Al2O3, 0.6% SiO2 
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and 0.5% ZrO2 in wt% referring to TiO2 particle mass) before supplying. The important 

characteristics of this particle type are given in Table 3.2. Figure 3.3 shows the 

morphology of these particles before compounding into TPE(PBT-PTMG) matrix.  

 

 

Figure 3.3: SEM micrographs of TiO2 (300 nm) and TiO2 (15 nm) particles. 

 

Table 3.2: Important characteristics of different TiO2 particles used for 

TPE(PBT-PTMG) 

Particle type C0-TiO2 (21 nm) TiO2 (15 nm) TiO2 (300 nm) 

TiO2 content [wt%] 99.5 87 92.5 

Crystal structure rutile rutile rutile 

Primary particle size 21 nm 15 nm 300 nm 

Density [g/cm3] 3.8 1.47 4.0 

Specific surface area [m2/g] 50 70 17 

Surface treatment no 
Al2O3, 

polyalcohol 

Al2O3, 

SiO2 

Surface nature hydrophilic hydrophilic hydrophilic 
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3.1.3 Other materials used 

The chemical solvents isopropanol (IPA, pro analysis), potassium permanganate, 

sulphuric acid (98%), and phosphoric acid (85%) were purchased from Merck KGaA 

Germany. Toluene (≥ 99.8%) was purchased from Fisher Scientific, United Kingdom. 

Methanol (99.5%) was purchased from Th. Geyer GmbH, Germany. 
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3.2 Preparation techniques for polymer composites 

3.2.1 Direct melt compounding 

Before compounding process, the polymer matrices and all particles were pre-dried in 

an oven at 80 °C for 48 h. The blending process was applied in a co-rotating 

twin-screw extruder (ZE-25A UTX, KraussMaffei Berstorff GmbH, Germany) with a 

screw-configuration as shown in Figure 3.4. The diameter of the screws was 25 mm 

and the length/diameter ratio (L/D) was 44.  

 

 

 

 

 

 

Figure 3.4: Screw-configuration for Berstorff co-rotating twin-screw extruder.  

 

Firstly, the particles were blended into respective polymer melts to make a 

masterbatch with higher particle content. The masterbatches were twice extruded to 

ensure a better dispersion quality of particles. The composites with desired particle 

contents were then diluted from the respective masterbatches. That means all 

composites were three times extruded through twin-screw extruder as shown in 

Figure 3.5. Finally, the real particle contents in respective composites were 

determined using thermogravimetric analysis (TGA). All processing parameters and 

composites produced in this way are listed in Table 3.3.  
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Figure 3.5: Schematical illustration of masterbatch technique by extrusion process. 
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Table 3.3: All materials prepared in this work 

 

Sample designation Particle content  
[Vol.-%] 

Process temperature 
[°C] 

Screw-speed 
[rpm] 

neat PC 0 260-280 300 

PC/D4-SiO2  0.5 ~ 10 260-280 300 

neat iPP 0 200-220 150 

C0-iPP/SiO2  2.3 200-220 150 

3C1-iPP/SiO2  2.3 200-220 150 

C8-iPP/SiO2  2.3 200-220 150 

C16-iPP/SiO2  2.3 200-220 150 

C0-iPP/TiO2 0.4, 0.8, 1.3, 2.3 200-220 150 

C8-iPP/TiO2 0.4, 0.8, 1.3, 2.3 200-220 150 

neat TPE(PBT-PTMG) 0 200-210 250 

TPE(PBT-PTMG)/TiO2 
(21 nm) 1.3, 2.6, 4.9 200-210 250 

TPE(PBT-PTMG)/TiO2 
(300 nm) 2.6, 3.8 200-210 250 

TPE(PBT-PTMG)/TiO2 
(15 nm) 2.6, 3.8, 4.9 200-210 250 

 

3.2.2 Injection moulding 

All composites produced in extruder were dried at 80 °C for 24 h before injection 

moulding process. The injection moulding was applied in an injection moulding 

machine (320 S 500-150, Arburg, Germany) as shown in Figure 3.6. The screw 

diameter was 35 mm and the length/diameter ration was 17. The parameters used by 

injection moulding for composites were the same ones as used by extruding process. 
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Figure 3.6: Arburg injection moulding machine and used mold templates.  
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3.3 Structural/morphological characterization 

3.3.1 Scanning electron microscopy (SEM) 

The dispersion of nanoparticles and the fractured surfaces of test specimens were 

examined by using SEM (JEOL JSM-6300 and Hitachi S5200). The size and structure 

of iPP spherulites in neat matrix and composites were also studied using SEM. The 

samples were etched before SEM examination in an etchant composed of 1 wt% 

potassium permanganate in a mixture of concentrated sulphuric acid and phosphoric 

acid in a 3:2 volume ratio. The etch time was 3 h at room temperature. After etching, 

the samples were cleaned in distilled water and acetone and then dried. All sample 

surfaces were sputtered with a thin gold film prior to SEM examination. 

3.3.2 Optical microscopy 

Optical microscopy (Highlight 3000, Olympus Europe) with a low magnification was 

used for some cases, such as to examine the fracture surfaces and the craze initiation 

behaviour in polymer composites.  

3.3.3 Micro-computerized tomography (μCT) 

The spacial dispersion of respective particles in polymer matrices was determined by 

means of μCT method (Phoenix x-ray systems + services GmbH, Wunstorf, Germany). 

Using this method, a three-dimensional dispersion of particles in polymer matrix was 

obtained. The maximum resolution of this instrument is 500 nm.  

3.3.4 Image analysis software 

Based on SEM images, the distribution of particles in the polymer matrix and the 

amount percentage of particles in each distributive range are determined using Image 



3 Experimental                                                                                  - 50 - 

analysis software (Olympus SIS). 

3.4 Hydrophobicity measurements of surface-treated nanoparticles 

The nanoparticles, whose surfaces are modified with non hydrolyzable organic groups, 

will usually not be wetted by water. However, these nanoparticles can be wetted by a 

methanol/water mixture. The weight percentage of methanol in this methanol/water 

mixture is a measure for the hydrophobicity of nanoparticles [107]. Accordingly, the 

relative hydrophobicity of modified SiO2 and TiO2 nanoparticles used in this work was 

measured as follows: 200 mg nanoparticles and 50 g water were mixed in a 250 ml 

beaker. If the particles are hydrophobic enough, they will remain on the water surface. 

Then methanol (99.5%) was slowly added into the liquid phase of the mixture using an 

injection needle. During addition of methanol, the mixture in beaker was constantly 

stirred. A direct contact between the nanoparticles and pure methanol should be 

avoided. The process was finished when the nanoparticles were totally dispersed in 

the methanol/water phase and a relative clear suspension was obtained. The 

hydrophobicity of respective nanoparticles indicated by methanol-wettability can be 

calculated using the following equation: 

                             %100
2


 OHm

m

mm
m

                        (3.1)                                               

where mm is the amount of methanol used in gram, and OHm 2
 is the mass of water 

(50 g). 
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3.5 Thermal and thermo-mechanical characterization 

3.5.1 Differential Scanning Calorimetry (DSC) 

DSC measurements were performed using a DSC 821 instrument (Mettler-Toledo 

GmbH, Giessen, Germany) under nitrogen atmosphere. The following procedure was 

used for iPP composites: each sample was heated from 50 °C to 200 °C at a heating 

rate of 10 °C/min and then held at 200 °C for 5 min to ensure an identical thermal 

history. The specimen was subsequently cooled down to room temperature at a 

cooling rate of 10 °C/min. For TPE(PBT-PTMG) samples, the same procedure was 

used except that the temperature range varied from -100 °C to 250 °C. The melting 

temperature Tm, the crystallization temperature Tc and the crystalline enthalpy ∆Hm of 

materials were obtained from the maximum and the area under the exothermic peaks, 

respectively. The crystallinity Xc of iPP was determined as: 

                           %1000 



m

m
c H

HX                            (3.2)                                                           

where ∆Hm
0 is the theoretical crystalline enthalpy for 100% crystalline iPP which is 

taken to be 209 J/g [108]. 

3.5.2 Thermogravimetric analysis (TGA) 

All samples were dried at 80 °C in an oven for 24 h prior to TGA analysis. The tests 

were performed using a DTG-60 instrument (SHIMADZU Corp.) under nitrogen 

atmosphere in a temperature range from 50 °C to 550 °C at a heating rate of 15 

°C/min for all samples. In the given temperature range, only organic substances could 

decompose, the inorganic particles would remain in the residue because of their 

decomposition temperatures higher than 1000 °C according to supplier’s information. 

The thermal stability and the weight loss of respective samples were obtained. 
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3.5.3 Dynamic mechanical thermal analysis (DMTA) 

DMTA tests were carried out using a Gabo Qualimetrer Explexor 25N machine under 

tension mode. The tests were run with a frequency of 10 Hz and heating rate of 2 

°C/min for all samples. The specimens were prepared in a dimension of 10 x 30 x 4 

mm3 (width x length x thickness). The temperature ranges for respective polymer 

matrices were set as follows: from -20 °C to 140 °C for iPP samples, from -100 °C to 

150 °C for TPE(PBT-PTMG) samples and from -30 °C to 180 °C for PC samples. After 

DMTA tests, the storage- and loss modulus (E’, E”), the loss factor tanδ and the glass 

transition temperatures Tg were obtained.  

3.6 Mechanical characterization 

3.6.1 Tensile test 

The tensile test was performed using a universal testing machine (Zwick 1474, Roell, 

Germany) at room temperature. Dog-bone-shaped specimens were prepared 

according to DIN EN ISO 527-2-1A as shown in Figure 3.7. The crosshead speed was 

4 mm/min for all samples. The tensile modulus E was determined by using a clip-on 

extensometer between 0.05% and 0.25% linear elongation.  

 

 

 

 

 

 

 

Figure 3.7: Dimension of tensile specimens and direction of tensile force. 
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3.6.2 Three-point bending test 

The flexural properties of some samples were examined by using three-point bending 

test according to standards DIN 53452 and DIN EN ISO 178 at the same universal 

testing machine Zwick 1474 (Roell Ulm, Germany) at room temperature in air. The 

bend direction with respect to samples by testing is shown in Figure 3.8. The distance 

between two supports is 64 mm. All tests were run at a cross-head speed of 1 mm/min. 

The related flexural modulus, flexural strength at yield and flexural elongation at yield 

were determined. 

 

 

 

Figure 3.8: Dimension of three-point bending specimens and direction of bend force. 

3.6.3 Charpy impact test 

Charpy impact test was performed at room temperature by using an impact tester 

(AFS-MK fracto scope of Ceast, Torino, Italy) equipped with a pendulum hammer of 1 

kg in weight. The striker energy and velocity at impact point were 4 J and 2.9 m/s, 

respectively. The support distance was 40 mm. The samples were prepared according 

to ISO 179 with a dimension of 10 x 4 x 80 mm3 (thickness x width x length). The 

V-shaped notch in the middle of the samples was 1.5 mm in depth. The dimension of 

the samples and the direction of impact force with respect to the notch are shown in 

Figure 3.9. 
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Figure 3.9: Dimension of impact specimens and direction of impact force with respect 

to the notch. 

3.6.4 Compact tension test (CT) 

CT examination was performed at room temperature using the same Zwick testing 

machine mentioned above. The testing rate was 0.3 mm/min for all samples. The test 

specimens were prepared according to ASTM D5045-99 and ASTM E399-90 

standards (36 x 36 x 4 mm3) as shown in Figure 3.10.  

 

 

 

 

 

 

 

 
Figure 3.10: Dimension of CT samples prepared according to respective standards. 

 

The sharp pre-crack was made by knocking a razor-blade into the samples saw slot. 

The initial crack length a0 and the ligament length W should be prepared in such a 

way that the condition 55.045.0 0  Wa  was satisfied for plane-strain condition 
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according to above standards. The specific fracture toughness KIC and the energy 

release rate GIC were calculated as [109, 110]: 

                       Waf
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where )( 0 Waf  is a tabulated correction function according to ISO 13586, B, W and 

a0 are specimen dimensions (thickness, ligament length and pre-crack length, 

respectively), max,QF is the maximum force in the force-displacement curve, ν is the 

Poisson coefficient which were taken as 0.35 for PC [111] and 0.45 for PP [112]. E’ is 

the storage modulus obtained from DMTA tests. 

3.6.5 Resistance against environmental stress cracking (ESC) 

In order to investigate the crack propagation behavior and the rupture time (lifetime) of 

neat PC and PC/D4-SiO2 composites in different environments, a crack opening 

displacement (COD) method was applied by using a developed creep machine 

equipped with an environmental chamber allowing complete immersion of pre-crack in 

samples in environment as shown in Figure 3.11. The samples for COD tests were 

exactly prepared as the CT samples with the dimension shown in Figure 3.10. The 

static loading was constant of 80 N. The crack opening distance, the load force and 

the test time were automatically recorded using an extensometer throughout each test. 

For comparison, isopropanol (IPA) and toluene were used as chemical environments 

due to their different diffusion rates in PC [113]. All tests were run at 23 °C. 
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Figure 3.11: Equipment for COD test of PC samples under static constant loading in 

different environments. 

3.6.6 Bent strip test 

In order to study the craze initiation behaviour in polymer composites, a bent strip test 

was performed according to ISO 4599. The sample strips prepared according to ISO 

179 standard (80 x 10 x 4 mm3) were fixed on bending-templates with a radius of 96 

mm as shown in Figure 3.12.  

 

 

 

 

 

 

Figure 3.12: Scheme of bent strip test with defined strain in outer surface of samples. 

 

The constant outer surface strain of samples is 2.0% calculated using the following 

equation: 
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where ε and d are the outer surface strain and the thickness of sample strips, 

respectively, r is the radius of bending-templates. The tests were run at 23 °C for 72 h. 

3.6.7 Creep test 

Short-term creep tests were performed for TPE(PBT-PTMG) composites using a DMA 

Q800 apparatus under tension mode at temperatures ranging from 0 °C to 80 °C. 

Isothermal tests were run by increasing the temperature stepwise of 10 °C. Before the 

creep measurements, each specimen was equilibrated at each temperature for 5 min 

and then tested for 12 min. The tensile stress for all samples was 0.5 MPa which was 

derived from a test series checking the presence of linear isochronous deformation. 

The specimens dimension was 10 x 2 x 30 mm3 (thickness x width x length). The 

creep compliance was obtained as a function of time and temperature. In order to get 

long-term creep behaviour of materials, the time-temperature superposition (TTS) 

principle was adopted. 

3.7 Optical characterization 

The optical properties of PC samples were determined according to ASTM D1003 and 

ASTM D1044 standards using a testing instrument from BYK-Gardner GmbH, 

Germany. The samples were prepared with a dimension of 60 x 60 x 2 mm3 (length x 

width x thickness). The light wavelength used was 589 nm. The total light 

transmittance, the haze and the clarity of PC samples were obtained. 

At least five specimens were tested for all measurements. Finally, the average values 

were taken and discussed.  
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4 Results and Discussion 

4.1 Properties of PC/D4-SiO2 nanocomposites 

According to supplier’s information, the octamethylcyclotetrasiloxane-modified 

Aerosil® SiO2 (D4-SiO2) type is very suitable as filler in transparent polymers such as 

PC to maintain the transparency of matrix. The refractive indices of used PC and 

D4-SiO2 nanoparticles are 1.58 and 1.45, respectively. The properties of PC/D4-SiO2 

composites were characterized and discussed as follows.     

4.1.1 Particle dispersion of D4-SiO2 nanoparticles in PC matrix 

SEM examination was performed in this work to investigate the dispersion quality of 

nanoparticles in polymer matrix. As already mentioned in chapter 1, the primary 

nanoscale particles are due to strong von Walls forces not isolated to each other but 

building up aggregates and agglomerates which cannot be broken down easily by 

shear forces applied by application. The SEM micrographs in Figure 4.1.1 show the 

surface morphology of PC/D4-SiO2 composites filled with 2- and 4 Vol.-% of 

nanoparticles. 
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Figure 4.1.1: SEM micrographs of PC/D4-SiO2 composites containing 2- and 4 Vol.-% 

of SiO2 nanoparticles. 

 

It can be seen that the nanoparticles and their small agglomerates (< 500nm) are well 

distributed in PC matrix. The nanoparticles/agglomerates are mainly dispersed within 

nanoscale range (< 100nm). According to SEM examination, the number of D4-SiO2 

agglomerates increases with increasing particle content as expected. On the 

cryofracture surfaces of composite samples as shown in Figure 4.1.1, the 

nanoparticles/agglomerates are easily debonded from PC matrix indicating relative 

poor adhesion between PC matrix and D4-SiO2 particles. A potential explanation is 

that the dispersability of D4-SiO2 nanoparticles in PC is strongly affected by different 

chemical nature of PC matrix and particles, because bisphenol-A PC show a more 

hydrophilic nature due to polar carbonate groups in molecules, whereas D4-SiO2 

nanoparticles are hydrophobic after surface modification with siloxanes. On the other 

hand, the presence of agglomerates shows that the shear forces during melt 

compounding process were not effective enough to break down such particle 

agglomerates. 
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4.1.2 TGA results 

The thermal stability of PC and its composites are determined by TGA. The respective 

data such as the onset temperature for decomposition of matrix molecules, and the 

temperatures regarding 20% and 50% weight loss are listed in Table 4.1. Obviously, 

the incorporation of D4-SiO2 nanoparticles in PC significantly increases the thermal 

resistance of PC composites indicated by increased Tonset values of PC 

nanocomposites. Furthermore, the thermal stability of PC/D4-SiO2 composites 

increases with increasing particle content. At 5.0 Vol.-% of D4-SiO2 nanoparticles, the 

improvement in Tonset of composite is by 14.8 °C, and the improvements in T20% and 

T50% also attain 14.8 °C and 12.4 °C, respectively. 

 

Table 4.1: Thermal stability of neat PC and PC/D4-SiO2 composites obtained by TGA 

 

Samples Tonset [°C] T20% [°C] T50% [°C] 

neat PC 510.3 517.3 538.1 

PC/D4-SiO2 (0.5 Vol.-%) 511.6 519.6 539.4 

PC/D4-SiO2 (1.0 Vol.-%) 513.8 521.0 539.5 

PC/D4-SiO2 (2.5 Vol.-%) 517.5 527.1 545.9 

PC/D4-SiO2 (5.0 Vol.-%) 525.1 532.1 550.5 

 

 

4.1.3 DMTA results 

The DMTA was used to investigate the dynamic-mechanical thermal properties of 

polymer composites. Figure 4.1.2 shows the DMTA results of neat PC and 
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PC/D4-SiO2 composites. 

 

 
Figure 4.1.2: DMTA results: (a) the storage modulus E’ and the loss factor tanδ as a 

function of temperature, (b) the storage modulus E’ at 23 °C as a function of D4-SiO2 

particle content. 

 

From Figure 4.1.2a, it is evident that the incorporation of D4-SiO2 nanoparticles into 

PC significantly increases the storage modulus E’ of matrix over the whole 

temperature range, indicating a stiffening effect of D4-SiO2 nanoparticles. The E’ 

value of PC composites increases with increasing nanoparticle content as shown in 

Figure 4.2b. For example, by incorporating 10 Vol.-% of nanoparticles, the storage 

modulus E’ at 23 °C is improved by 40% compared to neat PC. On the other hand, the 

maximum peaks in tanδ curves of PC composites also shift to higher temperatures in 

comparison to neat PC. The glass transition temperatures Tg of composites, which are 

derived from the maximum peak values of loss factor tanδ, are overall increased up to 

2 °C. The elevation of Tg can be related to the reduction in mobility of macromolecular 

chains of PC matrix caused by nanoparticles, but the improvements in Tg of 

PC/D4-SiO2 composites are small concerning the relative poor adhesion between PC 

and D4-SiO2 nanoparticles.  
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4.1.4 Mechanical properties 

Tensile properties 

The tensile properties of PC/D4-SiO2 composites are shown in Figures 4.1.3 (a-c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.3: Tensile properties of PC/D4-SiO2 composites as a function of particle 

content: (a) tensile modulus, (b) tensile strength and (c) elongation at break. 

 

From Figure 4.1.3a, the tensile modulus E increases with increasing particle content 

due to stiffening effect of D4-SiO2 nanoparticles. At 8 Vol.-% of particles, the 

improvement of tensile modulus is only about 14% due to the low matrix-particle 

interaction. The tensile strength as a function of nanoparticle content is displayed in 
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Figure 4.1.3b. Firstly, the tensile strength of composites increases with increasing 

particle content up to 4 Vol.-%, and then decreases with higher particle loading. All 

composites show improved tensile strength compared to neat PC. According to [114], 

the dependence of tensile strength on particle content is attributed to increasing 

number of particle agglomerates with increasing particle content in PC matrix, which 

can cause a higher degree of failures under imposed loading due to stress 

concentration effects of particles. Generally, the ductility of polymers should be 

reduced by incorporation of inorganic fillers, especially as agglomerates, indicated by 

a decrease of elongation at break [115]. However, the values of elongation at break of 

PC/D4-SiO2 composites containing 2- and 4 Vol.-% of D4-SiO2 particles are increased 

compared to neat PC, especially at 2 Vol.-% at which the improvement in elongation 

at break is by 69% as shown in Figure 4.1.3c. This can be explained that the 

nanoparticles are well-distributed in PC matrix acting as “plasticizers”, by what the 

ductility of polymer composites will be increased [116]. On the other hand, increasing 

particle content leads to decreased elongation at break of PC/D4-SiO2 composites 

due to increased stiffness of composites. The results of tensile tests are listed in Table 

4.2. 
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Table 4.2: Summarized results of tensile tests of PC/D4-SiO2 nanocomposites 

Particle content 

(Vol.-%) 

Tensile modulus 

E (MPa) 

Tensile Strength 

σ (MPa) 

Elongation at break 

ε (%) 

0 2413.91 ± 52.01 63.41 ± 0.19 7.00 ± 0.85 

2 2548.60 ± 106.37 64.91 ± 0.20 11.84 ± 0.55 

4 2619.15 ± 85.30 66.13 ± 0.26 7.44 ± 0.26 

6 2672.40 ± 102.17 65.50 ± 0.42 5.84 ± 0.39 

8 2803.03 ± 73.66 65.21 ± 0.59 5.02 ± 0.71 

 

 

Fracture toughness KIC and morphology 

The typical load-displacement curves of neat PC and PC/D4-SiO2 composites are 

shown in Figure 4.1.4a. It can be seen that the nanocomposite filled with 4 Vol.-% of 

particles exhibits the highest load maximum. Compared to neat PC, the displacement 

at force maximum of PC/D4-SiO2 composites is clearly increased at 2- and 4 Vol.-% of 

D4-SiO2 particles, whereas the displacement at maximum force is decreased at 8 

Vol.-% of particles. Correspondingly, the fracture toughness KIC and the energy 

release rate GIC, which were calculated from the load maximum, show slight 

increases at low nanoparticle contents (1- and 2 Vol.-%) compared to neat PC as 

shown in Figure 4.1.4b. At 4 Vol.-% of D4-SiO2 particles, the PC/D4-SiO2 composite 

shows the maximum improvements of KIC and GIC by 43% and 86%, respectively. A 

further increase of particle content at 8 Vol.-% does not lead to a further improvement 

in fracture toughness.  
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Figure 4.1.4: Results of CT tests: (a) load-displacement curves, (b) fracture toughness 

and energy release rate as a function of particle content. 

 

SEM fractographs of failed CT-specimens give detailed information on the fracture 

mechanisms and might explain the change of PC fracture toughness after addition of 

D4-SiO2 nanoparticles. Figure 4.1.5 shows the fracture surfaces of neat PC and 

PC/SiO2 nanocomposite containing 4 Vol.-% of particles. Near the crack tip on the 

fracture surface of neat PC, intensive deformation of matrix and river-like crack arrest 

lines are observed. The regular crack arrest lines are typical features for a fracture 

surface of neat PC (Figures 4.1.5 a-b) [117]. By contrast, numerous dimples occur 

near the crack tip on the fracture surfaces of all PC/D4-SiO2 composites as shown in 

Figure 4.1.5c. In the centre of such dimples, particles/agglomerates are found as 

marked in Figure 4.1.5d-e, which might serve as stress concentrators in polymer 

matrix, promoting the formation of those dimples [118, 119]. The formation of such 

dimples in polymer composites is accompanied by energy dissipation events, such as 

localized micro-deformation of polymer matrix and particle debonding [119]. This extra 

energy dissipation during fracture process leads to improvements in fracture 
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toughness of polymer composites containing proper particle contents [120].  

It is also observed that the density of dimples on the fracture surfaces of PC 

composites increases dramatically with increasing D4-SiO2 content as shown in 

Figure 4.1.6. At 8 Vol.-% of particles, more dimples can create much more voids 

(defects) on the fracture surface of PC composite, promoting macro-crack 

propagation and impairing the plasticity of PC matrix [118]. As a result, the fracture 

toughness KIC of this composite is decreased. 
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Figure 4.1.5: Morphology of fracture surfaces of CT-samples: (a) and (b) neat PC; (c), 

(d) and (e): PC/D4-SiO2 composite filled with 4 Vol.-% of nanoparticles. The arrows in 

the pictures indicate the direction of crack propagation. 
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Figure 4.1.6: Increased number of dimples on the fracture surface with increased SiO2 

particle content. 

 

Resistance against ESC 

The resistance of PC samples against stress cracking in critical environments is 

indicated by the life-time of samples (time to sample failure) via COD testing (crack 

opening distance). The values of COD and constant force as a function of test time 

obtained in IPA and in toluene are shown in Figure 4.1.7. By testing in IPA, both neat 

PC and PC/D4-SiO2 composites could stand for a long time without rupture (over 48 

h). Figure 4.1.7a shows the curves of PC/D4-SiO2 composite containing 2 Vol.-% of 

D4-SiO2 particles as an example, other PC composites show a similar shape of COD 

curves because of slow crack-propagation. On the contrary, the pre-crack propagated 

quickly in toluene, indicated by a quick arising of COD value as shown in Figure 

4.1.7b. In the case of sample failure, the curve of COD rises abruptly, and at the same 

time the curve of force falls steeply to zero. All PC samples tested in toluene were 

completely ruptured along the pre-crack after less than two hours. Comparing the 

Figures 4.1.7a and 4.1.7b, one can conclude that the environmental effect of toluene 

on stress-crack propagation in PC is much stronger than that one of IPA. The values 
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of life-time of neat PC and PC/D4-SiO2 composites tested in toluene are shown in 

Figure 4.1.8 as a function of particle content. It can be seen that all PC/D4-SiO2 

composites show remarkably improved life-time values compared to neat PC. At 4 

Vol.-% of particles, the life-time of PC/D4-SiO2 composite runs through a maximum 

with an improvement by +118%.  

 

Figure 4.1.7: COD and constant force as a function of test time obtained in (a) IPA and 

in (b) toluene. PC/D4-SiO2 nanocomposite containing 2 Vol.-% of nanoparticles is 

taken as an example.     

 

 

 

 

 

 

 

 

Figure 4.1.8: Life-time of PC and PC/D4-SiO2 composites tested in toluene. 
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Figure 4.1.9 shows the fracture surfaces of failed neat PC and PC/D4-SiO2 composite 

containing 6 Vol.-% of particles tested in toluene as examples. It can be seen that 

numerous large voids appear on the fracture surfaces of both samples, especially on 

the fracture surface of neat PC (Figure 4.1.9a). It was reported that the main 

mechanism for the formation of voids in environments is diffusion and swelling of 

chemical solvents into polymers [8]. Accordingly, diffusion and swelling of toluene 

within PC matrix created a large number of voids, promoting further localized diffusion 

along voided zones. These voids could rapidly propagate as cracks/failures under 

constant loading. As reported in [121], the particles and their agglomerates within 

polymer matrix could in some degree prevent solvent diffusion and swelling, 

preventing the formation of more voids as shown in Figure 4.1.9b. As a result, the 

incorporation of D4-SiO2 nanoparticles in PC exhibits significant improvements in 

resistance to ESC of PC composites in toluene. On the other hand, stress-crazing by 

liquids usually results in rapid and catastrophic failure. According to [113], toluene has 

a much higher diffusion coefficient in PC than IPA, and IPA does not craze PC. 

Accordingly, the PC samples have much longer life-time in IPA than in toluene.     

  

 

 
 
 
 
 
 
 
 
 
 
Figure 4.1.9: Fracture surfaces of neat PC (a) and PC/D4-SiO2 composite containing 

6 Vol.-% of particles (b) tested in toluene.
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Craze initiation behaviour  

Two series of bent strip tests running in air and in IPA were designed for PC samples. 

The reasons for use of IPA as an environment are as follows: firstly, IPA is one of the 

most used chemical agents in which PC can keep a long time without damage as 

shown in ESC test results; secondly, IPA does not craze PC [113]. 

Figure 4.1.10 shows optical micrographs of bent strip samples tested in air and in IPA. 

It is evident that all PC samples tested in air show no crazes on the outer surfaces 

(Figure 4.1.10a), whereas the PC/D4-SiO2 composites filled with 2-, 6- and 8 Vol.-% of 

nanoparticles tested in IPA show obvious crazes or micro-cracks which direction is 

perpendicular to the sample length as shown in Figure 4.1.10b. In addition, the 

number of such crazes increases clearly with increasing particle content due to 

increasing number of nanoparticles/agglomerates in PC composites which lead to 

increasing stiffness of composites. Figure 4.1.10c shows the side view of crazes in 

some samples. Interestingly, the composite filled with 4 Vol.-% of D4-SiO2 

nanoparticles shows a different behaviour on the outer surface, namely intensive 

plastic deformation instead of crazes. This result is in good agreement with the results 

of other mechanical tests in which the composite containing 4 Vol.-% of nanoparticles 

shows the highest tensile strength and fracture toughness KIC as well as resistance to 

ESC. A potential explanation is that at 4 Vol.-% of nanoparticles, a balance between 

stiffening and toughening effects of nanoparticles is achieved in comparison to lower 

or higher particle contents. 

Unlike PC/D4-SiO2 composites, neat PC shows no crazes or plastic deformation after 

test in IPA. This result indicates that the incorporation of D4-SiO2 nanoparticles into 

PC promotes the craze initiation in IPA due to particle debonding from the matrix. The 

particle debonding occurs slowly with difficulty in air, but this process is accelerated in 
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IPA through solvent diffusion and swelling. Under constant strain, the micro voids 

formed by particle debonding could quickly coalesce and further propagate to large 

macro crazes as shown in pictures. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 4.1.10(a): Optical micrographs of bent strip samples tested in air: no crazes 

and/or cracks on the surfaces of all samples. The white arrows show the bending 

direction of samples. 
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Figure 4.1.10(b): Optical micrographs of bent strip samples tested in IPA: crazes 

and/or plastic deformation on the surfaces of PC composites. The long arrows show 

the bending direction of samples. The short arrows indicate the crazes. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1.10(c): Optical micrographs of bent strip samples tested in IPA: a side view 

indicating the depth of crazes in samples.  
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4.1.5 Optical properties 

Transparency is an important behaviour of PC. The optical properties, combined with 

the material toughness, strength and resistance to ultraviolet light, make PC an 

alternative material toward glass in many applications [6]. Figure 4.1.11a shows the 

results of optical characterization of PC composites. As expected, the light 

transmittance of PC/D4-SiO2 composites decreases with increasing nanoparticle 

content due to increasing light reflection at the interfaces between PC matrix and 

D4-SiO2 particles. Since the refractive indices of PC (1.58) and D4-SiO2 particles 

(1.45) are not well-matching, loss in transparency due to reflection in PC/D4-SiO2 

composites can not be avoided. Unlike decreased light transmittance, the haze value 

clearly increases with increasing particle content. According to [122], the main reason 

for increasing haze in composites is the Rayleigh light scattering which is caused by 

dispersed nanoparticles and increased with increasing particle content. Another 

reason for decreased light transmittance and increased haze of composites is the 

decomposition of PC matrix during compounding process due to hydrolysis of 

carbonate groups [44, 45]. Figure 4.1.11b shows that the untreated PC exhibits clearly 

a higher thermal stability than extruded PC. Accordingly, the presence of degradation 

products in PC composites should be partly responsible for a decrease in 

transparency. According to the experience in this study and literatures [44, 45], the 

degradation of bisphenol-A PC during extrusion process can not be avoided, 

regardless of which parameters are used for extrusion and injection moulding 

(temperature, screw configuration, screw speed, etc.).  

As shown in Figure 4.1.11a, the clarity of PC/D4-SiO2 composites does not change 

much compared to neat PC as particle content increases. Figure 4.1.12 shows the 
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neat PC and PC composite samples for visual assessment. It is evident that the 

PC/SiO2 composites show yellowish discoloration after particle compounding. 

Increasing particle content leads to decreased transparency of samples. 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 4.1.11(a): Results of optical tests of PC samples: light transmittance, haze and 

clarity as a function of particle content. 

 

 

 

 

 

 

 

 

Figure 4.1.11(b): TGA results of neat PC as received and PC after extrusion process. 
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Figure 4.1.12: Neat PC and PC/D4-SiO2 composites for visual assessment.  

 

4.1.6 Conclusion 

Surface-modified nanosilica-filled PC composites were produced using direct melt 

compounding method. The thermal, mechanical and optical properties of PC/D4-SiO2 

nanocomposites were characterized. According to the results obtained, the following 

conclusions can be drawn: 

1. The thermal stability of PC/D4-SiO2 nanocomposites will be -based on TGA 

analysis- clearly improved compared to neat PC and it increases with 

increasing particle content. 

2. The stiffening effect of D4-SiO2 nanoparticles in PC matrix is evident, indicated 

by an overall increased storage modulus and tensile modulus. The reinforcing 

and toughening effects are observed at particle content lower that 4 Vol.-%, 
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indicated by increased tensile strength and fracture toughness of respective 

PC composites. 

3. The resistance against environmental stress cracking of PC/SiO2 composites 

containing up to 8 Vol.-% of particles in toluene is significantly improved 

compared to neat PC. The maximum improvement is by 118% at 4 Vol.-% of 

particles. 

4. The PC/D4-SiO2 composite containing 4 Vol.-% of nanoparticles exhibits the 

best mechanical properties such as the highest tensile strength, the highest 

fracture toughness, and the highest ESC resistance in toluene among 

produced PC/D4-SiO2 nanocomposites. 

5. The PC composites show yellowish discoloration after extrusion and injection 

moulding process. The light transmittance and haze of PC/D4-SiO2 composites 

are deteriorated with increasing particle content due to increased light 

reflection and scattering in composites (not optimal matched refractive indices), 

whereas the clarity of PC composites is comparable high to that one of neat 

PC.  
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4.2 iPP/SiO2 Composites filled with different SiO2 nanoparticles 

In this chapter, the mechanical and thermal properties of different SiO2-filled iPP 

composites are studied and discussed. In addition, the interface behaviour between 

iPP matrix and SiO2 nanoparticles is also investigated and discussed.   

4.2.1 Degrees of hydrophobicity and surface covering of SiO2 nanoparticles 

The unmodified polar C0-SiO2, modified 3C1-, C8- und C16-SiO2 nanoparticles which 

are used for iPP have comparable primary particle sizes, but they show different 

surface polarity in terms of hydrophobicity by using different surface pre-treatment. In 

order to obtain the influence of surface polarity of respective nanoparticles on thermal 

and mechanical properties of iPP/SiO2 nanocomposites, the hydrophobicity of 

respective SiO2 nanoparticles should be determined firstly.     

The hydrophobicity measurements show that the 3C1-SiO2 reveals the highest 

degree of hydrophobicity by 63.5%. The C8-nanoparticles show a lower degree of 

hydrophobicity than 3C1-nanoparticles by 56.2%. Both nanoparticles could not be 

wetted in water without methanol addition. Unexpected, the surface modified 

C16-SiO2 nanoparticles were totally wetted in pure water forming a clear emulsion like 

unmodified polar C0-SiO2 nanoparticles as shown in Figure 4.2.1. This result indicates 

a very low degree of organic modification of C16-SiO2 nanoparticles. Note that the 

carbon content in the C16-SiO2 nanoparticles is only 0.9~1.8 wt% according to 

supplier’s information. The carbon contents in 3C1-SiO2 and C8-SiO2 nanoparticles 

are clearly higher than this value (Table 3.1).  
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Figure 4.2.1: Different water-wettability of various unmodified and surface modified 

SiO2 nanoparticles.  

 

This result should be attributed to different degrees of surface covering of used silica 

nanoparticles by the alkyl chains on the particle surface. Based on carbon content in 

respective silica nanoparticles given in Table 3.1 and the alkyl chain length, it can be 

qualitatively obtained that the degree of surface covering of respective silica 

nanoparticles decreases with the following order: 3C1-SiO2 > C8-SiO2 > C16-SiO2 > 

C0-SiO2 (unmodified, hydrophilic surface: Si-OH). The higher the degree of surface 

covering of SiO2 nanoparticles, the higher is the degree of hydrophobicity of these 

nanoparticles. Because iPP is an unpolar polymer, the SiO2 nanoparticles with higher 

degree of hydrophobicity should be better dispersed in iPP due to better compatibility 

with hydrophobic matrix. 

According to literature [123], a globular Aerosil SiO2 particle with a diameter of 7 nm 

and densely packed oxygen atoms contains 105 oxygen atoms. This corresponds to a 

formula of Si50000O100000 in molecular language. It is accepted in this study that the 

number of SiO2 molecules in a primary particle is proportional to the particle diameter. 

This means, the molecular formula of one 3C1-SiO2 nanoparticle used in this study 
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with a diameter of 12 nm can be described as 
7

10000012
7

5000012  OSi . Accordingly, the 

molecular weight of such a SiO2 nanoparticle can be calculated as: 

28*12*50000/7 g/mol + 16*12*105/7 g/mol = 5.1 *106 g/mol 

The surface area of this spherical nanoparticle can be calculated as: 

22 )12( nmdA    

The molecular weight of a (CH3)3-Si-O-group: 

36 (3C) + 28 (Si) + 16 (O) + 9 (9H) = 89 g/mol 

The weight of C-atoms in a (CH3)3-Si-O-group: 

3*12 = 36 g/mol 

According to supplier’s information (technical data from Evonik), the C-weight 

percentage in the 3C1-SiO2 nanoparticle is by 2-4 wt%. The average value by 3 wt% 

is taken in this case. Then the number of (CH3)3-Si-O-groups (n) on a primary particle 

surface can be obtained as: 

%3
89101.5

36
6 wt

n
n




  

 
It leads to: n = 4590 

 
As a simplified model, the cover surface of a single trimethylsilyl group on the 

nanoparticle surface can be treated as an equilateral triangle formed by three 

C-atoms as shown in Figure 4.2.2. 
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Figure 4.2.2: Schematic illustration of a (CH3)3-Si-O-group on the 3C1-SiO2 

nanoparticle surface. 

 

As known in literatures [124, 125], the bond length between Si and C atoms (LSi-C) in 

trimethylsilyl group is 186 pm. The bond angle θC-Si-C is about 110°. Accordingly, the 

length between two C-atoms LC-C in the approximate equilateral triangle composed of 

three C-atoms can be calculated according to the following equation: 

cos2222 babac   

where c is the length of equilateral triangle LC-C, a and b are bond lengths between Si 

and C atoms (a = b = 186 pm), θ is the C-Si-C bond angle with a value of 110°. It can 

be obtained: c = 305 pm. 

 
The surface of this equilateral triangle can be obtained as follows: 

sin
2
1

21LLF    

where 1L  and 2L  are the lengths of this equilateral triangle ( 30521  LL  pm),   

is the angle between 1L  and 2L  as shown in Figure 4.2.2 (  60  in equilateral 

triangle). Therefore, the surface F can be calculated as F = 40281 pm2. 
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The theoretical maximum number (N) of these equilateral triangles covering on this 

3C1-SiO2-nanoparticle surface can be approximately obtained as: 
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As calculated above, the real number of trimethylsilyl groups resulting in 3 wt% of 

C-element on the 3C1-SiO2 nanoparticle surface is 4590. Therefore, the degree of 

covering (S) of the 3C1-SiO2 nanoparticle surface is: 

 

%41%100
11225
4590%100 

N
nS  

 
It is ever reported that only less than 50% of OH-groups on such a silica surface are 

reactive and can be replaced via surface modification. The other OH-substrates have 

fewer opportunities for reaction [126]. Therefore, the calculation of degree of surface 

covering in this study is reliable. 

The degree of surface covering by 41% means that nearly half of the particle surface 

is covered by organic groups which could build up an organic shell surrounding the 

3C1-SiO2 nanoparticle as shown in Figure 4.2.3a. As a result, these nanoparticles 

exhibit a high degree of hydrophobicity by 63.5%. Compared to short 3C1-groups, the 

long C8- and C16-chains behave very differently regarding spacial location and 

stretching direction. Therefore, the simplified model is not suitable to calculate the 

surface covering of C8- and C16-SiO2 particles. In general, the higher the degree of 

covering on the nanoparticle surface covered by organic groups, the higher is the 

degree of hydrophobicity of such nanoparticles. Compared to 3C1-SiO2 nanoparticles, 

the C8-SiO2 nanoparticles show a lower degree of hydrophobicity by 56.2%. This 

corresponds to a lower degree of covering on particle surface. The C16-SiO2 
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nanoparticles show toll hydrophilic surface nature like unmodified C0-SiO2 particles, 

indicating a very poor covering of particle surface as shown in Figure 4.2.3b. 

    

 

 

 

 

 

 

 

 

 

Figure 4.2.3: Schematic Illustration of surface behaviour of different SiO2 

nanoparticles regarding surface covering: (a) 3C1-SiO2 nanoparticles, and (b) C8- 

and C16-SiO2 nanoparticles.  

  

4.2.2 Dispersion of SiO2 nanoparticles in iPP matrix 

Figure 4.2.4 shows SEM micrographs of respective iPP/SiO2 nanocomposites. It can 

be seen that the 3C1- and C8-SiO2 nanoparticles are more homogeneously 

distributed in iPP matrix than C0- and C16-SiO2 nanoparticles. The latter two particles 

result in more and larger particle clusters/agglomerates than the former two types. 

This result correlates well with the degrees of hydrophobicity and surface covering of 

respective nanoparticles.    

It is well known that the hydroxyl groups on particle surface can build up hydrogen 

bonds among particles themselves (interbonding), leading to a higher degree of 

agglomeration. This is the reason for stronger agglomeration of C0-SiO2 particles. 
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After surface modification with silanes, the introduced alkyl chains on particle surface 

can in some degree prevent the forming of hydrogen bonds due to steric hindrance, 

increasing the dispersibility of nanoparticles. However, Bagwe et al. [127] concluded 

that the silica nanoparticles with long alkyl chains on the particle surface have a much 

smaller shear or slippage plane, and the long alkyl chains extending from the particle 

surface are beyond the shear plane. Therefore, such nanoparticles can easily 

agglomerate due to strong hydrophobic interactions among nanoparticles themselves. 

This suggestion explain the higher degree of agglomeration of C16-SiO2 

nanoparticles in this study. On the other hand, the very low degree of hydrophobicity 

of C16-SiO2 nanoparticles should be the main reason for the stronger agglomeration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.4: SEM micrographs of iPP/SiO2 nanocomposites filled with 2.3 Vol.-% of 

different treated silica nanoparticles. 
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4.2.3 Mechanical properties 

Tensile properties 

The typical stress-strain curves (S-S curve) of tensile tests for all iPP/SiO2 composites 

containing 2.3 Vol.% of nanoparticles are shown in Figure 4.2.5. From the S-S-curves, 

the incorporation of all SiO2 nanoparticles clearly reinforces the iPP matrix but 

reduces the ductility of polymer matrix. 

 

  

 

 

 

 

 

 

 

Figure 4.2.5: Stress-strain curves of neat iPP and iPP/SiO2 composites containing 2.3 

Vol.-% of nanoparticles obtained by tensile tests. 

 

The relative improvements in tensile modulus, tensile strength and tensile strain of 

iPP/SiO2 nanocomposites compared to neat iPP are presented together in Figure 

4.2.6a as a function of alkyl chain length. One can see that the incorporation of all 

types of nanoparticles significantly increases the material stiffness indicated by overall 

increased tensile modulus. Since the crystallinity of iPP matrix in iPP/SiO2 composites 

are slightly decreased compared to neat iPP, the increase in tensile modulus should 

be attributed to the rigid particles themselves. The maximum improvement in tensile 
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modulus is by 21% achieved by C0-iPP/SiO2 composite. Increasing alkyl chain length 

leads to clearly decreased tensile modulus. It is reported that the interphase between 

iPP and silane-modified SiO2 nanoparticles shows viscoelastic behaviour. The alkyl 

chains in particle-matrix interphase can act as plasticizers reducing the stiffness of 

boundary layer, and this effect increases with increasing chain length [27, 131].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.6: (a) Relative improvements in tensile modulus, tensile strength and strain 

of iPP/SiO2 composites (2.3 Vol.-%) compared to neat iPP as a function of alkyl chain 

length, (b) interfacial interaction parameter Bf as a function of alkyl chain length. 
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Unlike tensile modulus, the tensile strength and strain increase slightly with increasing 

alkyl chain length. Generally, the tensile strength mainly depends on the interfacial 

interactions between polymer matrix and fillers. In C0-composite, the interfacial 

adhesion is very weak due to hydrophilic-hydrophobic repulsion force. Therefore, the 

tensile strength of this composite is decreased compared to neat iPP. The introduction 

of alkyl chains on particle surface increases the hydrophobicity of respective 

nanoparticles and leads to increased interfacial interactions between iPP matrix and 

SiO2 particles due to chain entanglement at interface. As a result, the tensile strength 

also increases. The 3C1-composite exhibits comparable tensile strength as neat iPP 

because the degree of chain entanglement at matrix-particle interface is very low due 

to short methyl groups. Increasing alkyl chain length on particle surface leads to an 

increased degree of chain entanglement at interface. Therefore, the tensile strength of 

iPP/SiO2 composites also increases with increasing chain length, which is in 

agreement with the calculated interfacial interaction parameter Bf based on 

Pukanszky’s model as shown in Figure 4.2.6b. For tensile strain, the dominated 

influence factor is usually the interfacial slippage. At a certain degree of plastic 

deformation, the interfacial slippage between particle surface and polymer matrix 

leads to debonding of particles. With increasing alkyl chain length the interfacial 

slippage becomes more difficult due to increased interfacial interactions, and the 

plasticizing effect of nanoparticles also increases [27, 131], resulting in higher tensile 

strain.  

It should be noted that the interfacial interaction in iPP/SiO2 composites in this study is 

weak Van der Waals force and the alkyl chains (C1, C8 and C16) are not long enough 

to achieve a high degree of chain entanglement. Therefore, the improvements in 

tensile strength of iPP/SiO2 nanocomposites are not significant. Compared with 

iPP/SiO2 nanocomposites in this study, the iPP/SiO2 nanocomposites filled with 



4 Results and Discussion                                                                       - 88 - 

polymer-grafted (PS, PMMA, etc.) SiO2 nanoparticles show much higher tensile 

strength and Bf values [132]. This is also an evidence of increased interfacial 

interactions with increased chain length in boundary layer.  

 

Fracture toughness, fracture mechanisms and morphology 

The fracture toughness of iPP/SiO2 composites were determined by using compact 

tension test. Figure 4.2.7a shows the force-displacement curves of all iPP samples. It 

is evident that the incorporation of C8-, C16- and C0-SiO2 nanoparticles leads to 

decreased load maximum (Fmax) at which the initial crack starts to propagate, whereas 

the 3C1-iPP/SiO2 nanocomposite shows obviously increased Fmax compared to neat 

iPP. Correspondingly, the fracture toughness KIC calculated from Fmax decreases with 

the following order: 3C1-iPP/SiO2 > neat iPP > C0-iPP/SiO2 > C8-iPP/SiO2 > 

C16-iPP/SiO2 as shown in Figure 4.2.7b. The improvement in fracture toughness of 

3C1-iPP/SiO2 composite is by 9%.  

 

 

Figure 4.2.7: (a) Load-displacement curves of neat iPP and iPP/SiO2 composites (2.3 

Vol.-%), (b) fracture toughness KIC of neat iPP and iPP/SiO2 composites (2.3 Vol.-%) 

as a function of alkyl chain length.   
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Figure 4.2.8: SEM micrographs of fractured iPP and iPP composites (2.3 Vol.-%): (a) 

overview of fracture surfaces, (b) close-view of the fracture zones. The arrows in 

4.2.8a indicate the direction of crack propagation. The squares ahead of the 

pre-cracks indicate the positions where the fracture surfaces in 4.2.8b are taken.  

a 
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As introduced in chapter 1.2.4, the micro mechanism regarding the respective 

deformation mechanisms and particle debonding is widely accepted to explain the 

fracture mechanism in nanoparticle-filled polymer composites. In iPP/nanoparticle 

composites, it is also reported that debonding is believed to be the initial damage 

mechanism because of the low polarity and consequently low surface free energy of 

iPP matrix [133, 134]. Figure 4.2.8a shows the fractured surface morphology near the 

crack tip of neat iPP and iPP/SiO2 composites (2.3 Vol.-%) after CT-test. 

Macroscopically, neat iPP, C8-composite and 3C1-composite show similar fracture 

surfaces with increased fracture zone in which matrix deformation is observed. 

Differently, C16-composite and C0-composite show longer fracture zones with less 

matrix deformation on the surfaces, particularly the fracture surface of C16-composite 

is very smooth. Macroscopically, one can get the impression that the fracture 

behaviour of iPP/SiO2 composites correlates well with the degree of hydrophobicity of 

respective SiO2 nanoparticles, i.e. the degree of surface covering. The 3C1- and 

C8-SiO2 nanoparticles show higher hydrophobicity than C0-SiO2 and C16-SiO2 

nanoparticles (chapter 4.2.1), correspondingly, 3C1-composite and C8-composite 

show stronger resistance against crack growth.   

A close examination of the fracture zones near the initial crack tip is presented in 

Figure 4.2.8b. It can be seen that all composites exhibit micro deformation and 

numerous dimples (particle debonding) on the fracture surfaces. The C0-iPP/SiO2 

composite shows the most extensive micro deformation but the lowest number of 

dimples. With increasing alkyl chain length, the plastic deformation of matrix 

decreases clearly whereas the number of dimples increases. This increase of dimple 

number can be attributed to increased stress concentration effect of nanoparticles due 

to increased interfacial interactions. In C0-iPP/SiO2 composite, the nanoparticles and 

agglomerates detach easily from iPP matrix because of poor matrix-particle adhesion, 
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forming less but larger voids. On one hand, it is believed that the formation of more 

dimples in fracture process is accompanied by more energy dissipation, leading to 

higher fracture toughness [119, 120]. On the other hand, more voids (dimples) result 

in smaller matrix zone on the fracture surface. Consequently, the degree of micro 

deformation of matrix is reduced by coalescence of voids during fracture process. This 

leads finally to easier crack propagation and ductile-brittle transition. Obviously, the 

obtained fracture toughness of iPP/SiO2 nanocomposites is a result of combined 

effects. The 3C1-iPP/SiO2 composite exhibits improved fracture toughness compared 

to neat iPP because the total energy dissipation during fracture process in this 

composite is larger than that one in neat iPP. Conversely, the other composites 

dissipate lower total energy during deformation process and formation of dimples than 

neat iPP, therefore, they show a decreased fracture toughness compared to neat iPP.  

 

Notched Charpy impact strength 

Besides tensile properties and fracture toughness, the notched Charpy impact 

strength was also measured. Figure 4.2.9 shows the results of Charpy impact test for 

all iPP samples. The C0-iPP/SiO2 composite shows slightly increased impact strength 

with an improvement by 4.9% in comparison to neat iPP. In analogy to CT results, the 

3C1-iPP/SiO2 composite reveals the highest impact strength among iPP/SiO2 

composites containing surface modified nanoparticles with a significant improvement 

by 45.6%. The C8-composite exhibits increased impact strength with an improvement 

by 7.3%, whereas the C16-composite shows a decreased notched Charpy impact 

strength with a reduction by 5.8% compared to neat iPP. Similar to fracture toughness 

KIC, this result correlates well with the degree of hydrophobicity/surface covering of 

respective modified nanoparticles.  
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Figure 4.2.9: Result of notched Charpy impact tests of neat iPP and iPP/SiO2 

composites (2.3 Vol.-%). 

 

4.2.4 Thermal and thermo-mechanical properties 

TGA results 

In order to study the thermal behaviour of respective iPP/SiO2 composites, TGA 

measurements were performed. Figure 4.2.10 shows the decomposition curves of all 

iPP samples. It is noted that the weight loss of pure iPP and its composites below 350 

°C is lower than 0.05% corresponding to loss of remaining humidity in materials. The 

main decomposition of iPP matrix corresponding to molecular back-bone (C-C bond) 

degradation starts at about 360 °C with an accelerated rate. The onset thermal 

degradation temperature (Tonset), characterizing the thermal stability of a material, is 

443.7 °C for neat iPP. The incorporation of SiO2 nanoparticles obviously increases the 

thermal stability of iPP, indicated by increased Tonset with a maximum improvement by 

11.3 °C achieved by C16-iPP/SiO2 composite. Compared to C0-iPP/SiO2 composite, 

the iPP/SiO2 composites filled with surface modified nanoparticles show higher Tonset 
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values. This result correlates well with the interfacial interaction parameter Bf 

calculated before as shown in Figure 4.2.6b and Table 4.3. Between 3C1- and 

C8-iPP/SiO2 composites, the difference in thermal stability Tonset is small due to small 

difference in their Bf values (3.63 vs. 3.99). 

The temperatures of 20% and 50% weight losses as well as the Tonset of all samples 

are summarized in Table 4.3. It can be seen that the values obtained by all 

composites are clearly higher than those of neat iPP except for T20% of C0-iPP/SiO2 

composite. All composites containing 2.3 Vol.-% of nanoparticles exhibit similar 

residue weight fraction at 525 °C by about 5 wt%, corresponding to 2.3 Vol.-% of SiO2 

nanoparticles, as expected.  

 

 

 

 

 

 

 

 

 

Figure 4.2.10: Weight loss as a function of temperature for neat iPP and iPP/SiO2 

composites containing 2.3 Vol.-% of particles obtained by TGA.  
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Table 4.3: TGA results of neat iPP and iPP/SiO2 composites containing 2.3 Vol.-% of 

nanoparticles  

Samples Interfacial interaction 

parameter Bf 
Tonset [°C] T20% [°C] T50% [°C] 

neat iPP  443.7 447.6 464.9 

C0-iPP/SiO2 2.04 449.1 437.5 469.6 

3C1-iPP/SiO2 3.63 452.6 456.6 470.7 

C8-iPP/SiO2 3.99 452.2 454.4 474.3 

C16-iPP/SiO2 4.86 455.0 456.8 475.7 

 

DSC results 

The effect of surface-treated and untreated SiO2 nanoparticles on crystallization 

behaviour of iPP was determined by DSC measurements. The important data 

obtained are listed in Table 4.4. From the results, the melting temperature Tm of all iPP 

samples is nearly identical. The addition of C0-SiO2 nanoparticles shows almost no 

effect on the crystallinity of iPP although the crystallization process starts at a little 

higher temperature. The crystallinity of iPP in 3C1-, C8- and C16-SiO2 filled 

composites is decreased up to 1.9%, which could be the effect of chain 

entanglements in interphase restricting the crystallization of iPP molecules. The 

crystalline temperature of iPP in 3C1-, C8- and C16-composites shifts slightly to a 

higher temperature with a maximum improvement by 1.1 °C. Based on these results, 

one can conclude that the crystalline behaviour of iPP will not be greatly influenced by 

addition of both treated and untreated SiO2 nanoparticles. This DSC results are in 

good agreement with literature [128], where Rong and his co-workers reported that 

the crystallinity and thermal temperatures (Tm, Tc etc.) of PP are not significantly 

affected by addition of untreated and PS-grafted-SiO2 nanoparticles.    
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Table 4.4: DSC results of iPP and iPP/SiO2 composites containing 2.3 Vol.-% of 

nanoparticles 

 

From the SEM micrographs in Figure 4.2.11, it can be seen that neat iPP shows 

typical three-dimensional spherulite structure with clear boundaries. The iPP 

spherulites are 10-20 µm in diameter. Conversely, no spherulitic structure is observed 

in all iPP/SiO2 composites. The reason for disappeared spherulites in iPP/SiO2 

composites could be the presence of nanoparticles which prevented the growth of 

matrix crystals due to small interparticle distances [128]. 

Samples 
Melt 

temperature 
Tm [°C] 

Crystalline 
enthalpy ΔHm 

[J/g] 

Crystallinity 
Xc 
[%] 

Crystalline 
temperature Tc 

[°C] 

neat iPP 168.4 101.2 48.4 116.0 

C0-iPP/SiO2 167.0 101.0 48.3 116.9 

3C1-iPP/SiO2 168.2 98.0 46.9 116.2 

C8-iPP/SiO2 167.7 97.2 46.5 116.6 

C16-iPP/SiO2 167.3 97.6 46.7 117.1 
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Figure 4.2.11: Spherulite structure and size of neat iPP and iPP in iPP/SiO2 

composites containing 2.3 Vol.-% of nanoparticles examined by SEM. 

 

DMTA results and interphase behaviour 

The dynamic-mechanical thermal properties of iPP/SiO2 composites were determined 

by using DMTA. Due to the fact that the mechanical loss factor tanδ is a sensitive 

indicator of molecular motions and phase transition, the curves of tanδ against 

temperature are shown in Figure 4.2.12. It is observed that the tanδ curves of all 

samples exhibit two relaxation peaks within selected temperature range. The first 

peak around 12°C corresponds to the glass transition of amorphous iPP (β-relaxation). 

Evidently, the 3C1-iPP/SiO2 composite shows the highest intensity of β-transition 

peak among all samples, shifting clearly to higher temperature compared to neat iPP. 
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The C8-iPP/SiO2 and C16-iPP/SiO2 composites show comparable β-peak intensity as 

neat iPP, whereas the C0-composite shows clearly decreased β-peak intensity 

compared to iPP matrix. This result can be firstly related to different dispersion quality 

of respective SiO2 nanoparticles in matrix; secondly, this should be related to 

increased interfacial interactions between iPP matrix and silane-treated SiO2 

nanoparticles. 

 

 

 

 

 

 

 

 

 

Figure 4.2.12: DMTA results of neat iPP and its composites filled with 2.3 Vol.-% of 

different SiO2 nanoparticles. 

 

The second transition peak around 110 °C in tanδ curve is attributed to α-transition of 

crystalline iPP due to crystal-crystal slippage motion [129]. The broadness of this peak 

may indicate a distribution of lamellar thickness of iPP crystals. The storage- and loss 

modulus at 23 °C, and the β-transition temperature Tβ of all samples are summarized 

in Table 4.5. It can be seen that the incorporation of all silica nanoparticles significantly 

improves the storage- and loss modulus of iPP. The β-transition temperatures of 

iPP/SiO2 composites are slightly increased up to 2.5 °C compared to neat iPP. The 

3C1-iPP/SiO2 composite shows the highest modulus and Tβ values among the 
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samples. The reason should be the higher hydrophobicity and subsequent better 

dispersion quality of 3C1-particles.  

 

Table 4.5: DMTA results and interphase parameters obtained based on Sumita’s 

model [106] for neat iPP and iPP/SiO2 composites containing 2.3 Vol.-% of 

nanoparticles 

 

Based on Sumita’s model introduced in chapter 1.2.4, the effective volume fraction of 

nanoparticles and the interphase thickness in respective nanocomposites can be 

quantitatively characterized as shown in Table 4.5. According to the results, the 

3C1-composite exhibits the largest effective volume fraction (φe) and interphase 

thickness (Δr) among the composites (φe = 12.53 Vol.-%). This largest effective 

volume fraction can be partly attributed to the perfect dispersion of 3C1-SiO2 

nanoparticles and subsequently the largest contact interphase with matrix, because 

φe is the sum of real volume fraction plus the interphase regions. The obtained 

interphase thickness in respective composites decreases with the following order: 

3C1-composite > C0-composite > C8-composite > C16-composite. In comparison to 

C0-SiO2, C8-SiO2 shows a lower effective volume fraction despite the higher degree 

of hydrophobicity. It should be noted that the calculated values using Sumita’s model 

Composites φf 
[Vol.-%] 

'
23 CE   

[MPa] 

''
23 CE   

[MPa] 
Tβ 

[°C] 
φe 

[Vol.-%] 
Δr 

[nm] 

neat iPP -- 1762 ± 131 128.4 ± 1.5 12.4 -- -- 

C0-iPP/SiO2 2.27 2150 ± 122 139.3 ± 1.7 12.8 7.96 3.93 

3C1-iPP/SiO2 2.24 2214 ± 71 147.2 ± 1.9 14.9 12.53 5.25 

C8-iPP/SiO2 2.26 1955 ± 78 137.5 ± 3.9 13.3 7.07 2.46 

C16-iPP/SiO2 2.26 2051 ± 61 136.7 ± 2.0 13.3 5.51 2.03 
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are not accurate enough and they suffer from the fact that simplifying assumptions are 

made in the calculation. Actually, the chemical modification of nanoparticles creates 

an organic coating layer on particle surface which increases the interphase thickness 

as shown in Figure 4.2.13. According to this schematic representation, there is no 

positive interaction existing between iPP and untreated C0-SiO2 nanoparticles due to 

hydrophilic-hydrophobic repulsion, resulting in a weak interphase layer. After surface 

modification with silanes, the introduced unpolar alkyl chains stretch far away from the 

particle surface, interacting with iPP molecules at interface and increasing the 

thickness of the interphase. Accordingly, the interphase thickness in modified 

SiO2-filled composites should be larger than in unmodified SiO2-filled composite. 

However, the interphase thickness for a particle-polymer system is not a constant size 

because the interphase has no well-defined border with the bulk polymer. Therefore, 

the effective value of interphase thickness depends on many parameters such as 

surface covering of particle, chain flexibility, energy of molecular adsorption, the extent 

of chain entanglements at interface, etc. [130]. 
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Figure 4.2.13: Schematic representation of the interphase in iPP/SiO2 composites in 

this study. 

4.2.5 Conclusion 

The unmodified and silane-modified SiO2 nanoparticles were compounded in iPP by 

direct melt blending in a twin-screw extruder. The SiO2 nanoparticles show different 

degrees of hydrophobicity in which the 3C1-SiO2 shows the highest degree of 

hydrophobicity by 63.5%, the C8-SiO2 particles show hydrophobicity by 56%, whereas 

the C16-SiO2 shows hydrophilic surface property like hydrophilic C0-SiO2, although 

the C16-SiO2 nanoparticles are pre-modified with organic silane by supplier. The 

hydrophilic surface property indicates a very low degree of organic modification for the 

C16-SiO2 nanoparticles. According to visual assessment based on SEM pictures, the 

3C1- and C8-SiO2 nanoparticles show very good dispersion in iPP matrix whereas the 

C0- and C16-SiO2 nanoparticles agglomerate in some degree. The incorporation of all 

SiO2 particles into iPP increases the thermal stability of matrix but shows only little 

influence on the crystallization behaviour of iPP. The crystallinity of iPP matrix slightly 

increases in all iPP/SiO2 composites. However, the spherulite size of iPP in all 
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composites is dramatically decreased compared to neat iPP. From DMTA results, both 

storage modulus and loss modulus of all iPP/SiO2 nanocomposites are significantly 

increased compared to neat iPP. The glass transition temperature of polymer matrix in 

all composites is slightly increased up to 2.5 °C.  

The tensile properties of iPP/SiO2 composites show a direct correlation with alkyl 

chain length on particle surface. The tensile modulus of all composites is higher than 

that one of neat iPP and it decreases with increasing alkyl chain length. The maximum 

improvement in tensile modulus is by 21% achieved by C0-iPP/SiO2 composite. The 

tensile strength and strain of composites increase with increasing alkyl chain length. 

The interfacial interaction parameter Bf calculated based on tensile strength of 

iPP/SiO2 composites shows an increased tendency with increasing alkyl chain length 

on particle surface.  

The values of fracture toughness of most iPP/SiO2 composites are decreased 

compared to neat iPP except for 3C1-composite which exhibits an improvement in 

fracture toughness by 9%. In addition, the 3C1-composite shows the highest notched 

Charpy impact strength with an improvement by 45.6% among all iPP/SiO2 

composites. The C16-iPP/SiO2 composite shows the lowest fracture toughness and 

Charpy impact strength among all iPP/SiO2 composites. In both fracture toughness 

test and notched Charpy impact test, the results of surface-modified particle-filled 

iPP/SiO2 composites increase with increasing degree of hydrophobicity/surface 

covering of respective nanoparticles.  

According to the results obtained in this chapter, the following conclusions can be 

drawn: there are two important effects influencing the mechanical properties of 

iPP/SiO2 composites. The one is the alkyl chain length on the particle surface which 

affects the tensile properties of the composites. The other one is the degree of surface 

covering of particles which affects the fracture toughness and the notched Charpy 
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impact strength. In order to achieve higher mechanical properties of unpolar polymers 

such as iPP, one should select a nanoparticle type with a higher degree of surface 

covering and long alkyl chain on the particle surface. 

 

4.3 iPP/TiO2 composites filled with different TiO2 nanoparticles  

Titanium dioxide (TiO2) is the most popular pigment used today (70% of total pigments 

production). Chemically titanium dioxide occurs in three polymorphous varieties in 

nature: tetragonal rutile, anatase and rhombic brukite, in which the most common form 

is rutile and it is also the equilibrium phase at all temperatures [139]. The physical 

properties of rutile titania, including its transparency at visible wavelengths and its 

large index of refraction (2.73), have made it the most widely used white pigment for 

coatings, plastics and paper [140]. Upon UV light absorption, rutile TiO2 becomes a 

photocatalyst via electronic reaction [141]: 

  222 HOOHOOH   

The released free radicals can react with polymer matrix/organic additives, leading to 

weathering and chemical breakdown of the polymer matrix. In most exterior 

applications, the photo catalytic function of TiO2 particles must be minimized via 

surface treatment. In addition to photolytic effect, untreated TiO2 particles can result in 

flocculation (strong agglomeration) in liquid colorants or polymer matrix, leading to the 

following items [142, 143]: 

- Loss of opacity: TiO2 flocculates do not scatter light as primary particles. 

- Color shift: flocculated TiO2 particles have reduced tinting strength and 

undertone blueness. 

- Poor flow: the rheology of a flocculated system is usually very thick. In most 

cases, stirring will thin the suspension, but flocculation will recur. 
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In order to reduce the photo catalytic effect and flocculation of TiO2 particles, many 

commercial TiO2 particles are pre-treated before supplying. In general, surface 

treatments of TiO2 particles usually consist of aluminium oxide, silicon oxide, zinc 

oxide, and/or organic substrates such as silanes [144].  

In this study, two types of Aeroxide® TiO2 nanoparticles were used as fillers for iPP, i.e. 

unmodified hydrophilic C0-TiO2 and silane-modified C8-TiO2 nanoparticles. Both 

particle types have the same primary particle size by 21 nm. The iPP/TiO2 composites 

were also prepared by direct melt blending in a twin-screw extruder and then injection 

moulded under the same processing conditions as iPP/SiO2 composites. The particle 

content in iPP/TiO2 composites was set as 0.4-, 0.8-, 1.3- and 2.3 Vol.-%. The 

properties of iPP/TiO2 composites were characterized and discussed in this chapter. 

4.3.1 Hydrophobicity and dispersion quality of TiO2 nanoparticles 

Based on the hydrophobicity measurements, the C8-TiO2 nanoparticles show a 

relative high degree of hydrophobicity with a methanol-wettability by 75.6%, indicating 

a relative high degree of surface covering. The untreated TiO2 nanoparticles were 

totally wetted by pure water, as expected. According to the contact angels of C0-TiO2 

(23.31) and C8-TiO2 (143)  (Table 1.2 , chapter 1.2.3),  the surface tension is as 

follow: 
22 80 TiOCTiOC    , resulting in: 

22 80 TiOCiPPTiOCiPP    , indicating that the 

compatibility and dispersibility of C8-TiO2 nanoparticles in iPP are much higher than 

those of C0-TiO2 nanoparticles.  

Figure 4.3.1 shows the SEM micrographs of iPP/TiO2 composites containing 0.4-, 1.3- 

and 2.3 Vol.-% of C0- and C8-TiO2 particles. It is evident that the surface modified 

C8-TiO2 nanoparticles are very homogenously dispersed in iPP matrix at all particle 

contents. The well dispersed C8-TiO2 particles clearly remain in the nanosized range 

(less than 100 nm). No large particle flocculates/agglomerates in microsized range 
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are observed even at higher particle contents. By contrast, the unmodified C0-TiO2 

nanoparticles result in a higher degree of agglomeration/flocculation which increases 

with increasing particle content. At 2.3 Vol.-% of C0-TiO2 particles, large 

flocculates/agglomerates with a size of about 20 µm are observed as shown in SEM 

micrographs. The high degree of agglomeration of C0-TiO2 nanoparticles can firstly 

be attributed to relative strong interactions among nanoparticles themselves due to 

formation of hydrogen bonds with bond energy by about 20 kJ/mol [63]. Secondly it 

can be attributed to the large interfacial tension between C0-TiO2 particles and iPP 

matrix. The presence of large C0-TiO2 agglomerates indicates that the shear forces 

during compounding process were not effective enough to break them down. 
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Figure 4.3.1: SEM micrographs of C0- and C8-iPP/TiO2 composites with different TiO2 

contents as shown in the pictures. The circles in pictures show the large agglomerates 

of C0-TiO2 particles. The quadrangles show the positions which are magnified.  
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4.3.2 Mechanical properties 

Tensile properties 

The tensile properties of iPP/TiO2 composites were measured and analyzed. Figure 

4.3.2 and 4.3.3 show the tensile properties of C0-and C8-iPP/TiO2 composites as a 

function of particle content, respectively. 

 

Figure 4.3.2: Tensile properties of C0-iPP/TiO2 composites as a function of particle 

content. 

 

As shown in Figure 4.3.2, it is evident that the tensile modulus of C0-iPP/TiO2 

composites increases with increasing particle loading. This increase should be 

attributed to the addition of rigid particles into polymer matrix. The maximum 

improvement in tensile modulus is by 24.1% achieved by C0-iPP/TiO2 composite with 
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2.3 Vol.-% of particles. The tensile strength of C0-iPP/TiO2 composites increases with 

increasing particle content up to 0.8 Vol.-%, at which a maximum improvement is 

obtained by 8.5%, and then decreases with further particle loading. All C0-iPP/TiO2 

composites show improved tensile strength compared to neat iPP. The tensile strain 

of C0-iPP/TiO2 composites clearly decreases in comparison with neat iPP and the 

value decreases with increasing particle content due to increased stiffness, as 

expected. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 4.3.3: Tensile properties of C8-iPP/TiO2 composites as a function of particle 

content. 

 

As shown in Figure 4.3.3, all C8-iPP/TiO2 composites exhibit slightly increased tensile 

modulus compared to neat iPP. Unlike C0-iPP/TiO2 composites which show evident 

increasing tendency of tensile modulus with increasing particle content, the 
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C8-iPP/TiO2 composites show comparable tensile modulus as particle content 

increases. A possible explanation is the plasticizing effect of surface modified C8-TiO2 

particles. At 0.4 Vol.-% of C8-TiO2 particles, the tensile strength attains a maximum 

with an improvement by 6.5%. The tensile strength of C8-iPP/TiO2 composites 

decreases slightly with increasing particle content. Similar to C0-iPP/TiO2 composites, 

the C8-iPP/TiO2 composites exhibit slightly decreased tensile strain with increasing 

particle content. All results of iPP/TiO2 composites obtained by tensile test are 

summarized in Table 4.6.  

 

Table 4.6: Tensile results of all C0- and C8-iPP/TiO2 composites  
 

Samples/Particle 

content [Vol.-%] 

Tensile modulus 

E [MPa] 

Tensile strength 

σ [MPa] 

Tensile strain 

ε [%] 

neat iPP 0 1515 ± 25 27.99 ± 0.47 7.57 ± 0.12 

0.4 1499 ± 47 28.59 ± 0.14 6.39 ± 0.14 

0.8 1667 ± 48 30.38 ± 0.11 6.93 ± 0.10 

1.3 1702 ± 9 29.01 ± 0.19 5.94 ± 0.37 
C0-iPP/TiO2 

2.3 1880 ± 61 28.66 ± 0.44 4.03 ± 0.56 

0.4 1617 ± 21 29.80 ± 0.16 7.33 ± 0.08 

0.8 1594 ± 65 28.70 ± 0.32 7.00 ± 0.17 

1.3 1590 ± 24 28.43 ± 0.09 6.88 ± 0.14 
C8-iPP/TiO2 

2.3 1581 ± 58 28.38 ± 0.18 6.39 ± 0.11 

 
 
Based on tensile results, the C0-iPP/TiO2 composites show higher tensile modulus 

but lower tensile strain than respective C8-iPP/TiO2 composites. This can be 

explained that the alkyl chains on C8-TiO2 particles can act as plasticizers reducing 
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stiffness. In addition, the maximum tensile strength occurs at 0.8 Vol.-% of C0-TiO2 

particles whereas it is obtained at 0.4 Vol.-% in case of C8-TiO2 particles. This 

indicates that the interfacial interactions between iPP and C8-TiO2 particles are 

stronger than those between iPP and C0-TiO2 particles. Therefore, the C8-iPP/TiO2 

composite results in a high tensile strength/strain balance at a lower particle content 

compared to C0-iPP/TiO2 composite.    

 

Fracture toughness and morphology 

The fracture toughness of iPP/TiO2 composites was performed by using CT test. The 

load-displacement curves of all iPP/TiO2 composites are shown in Figure 4.3.4. The 

maximum load values Fmax of respective samples are taken to calculate the fracture 

toughness KIC, because the initial crack on CT-samples began to propagate at this 

point. 

 

 

 

 

 

 

 

 

Figure 4.3.4: Load-displacement curves of C0- (left) and C8-iPP/TiO2 (right) 

composites obtained by CT test. 
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Figure 4.3.5: Fracture toughness of neat iPP and all iPP/TiO2 composites as a 

function of particle loading. 

 

The fracture toughness KIC calculated from the maximum load Fmax are shown in 

Figure 4.3.5. It can be seen that the fracture toughness of C0-iPP/TiO2 composites 

increases up to 0.8 Vol.-% of particles, at which a maximum improvement by 32.0% is 

achieved. Above 0.8 Vol.-%, the fracture toughness decreases dramatically with 

increasing particle content. At 1.3- and 2.3 Vol.-% of C0-TiO2 particles, the reduction 

in fracture toughness is by 14% and 41%, respectively. This large reduction in fracture 

toughness should be attributed to increasing agglomeration of C0-TiO2 particles in iPP 

matrix as already shown in Figure 4.3.1 (chapter 4.3.1). The large agglomerates could 

create micro-cracks during easy particle debonding from matrix due to poor interfacial 

adhesion, promoting macro-crack propagation and leading to brittle fracture of 

samples. In C8-iPP/TiO2 composites, the fracture toughness slightly increases with 

increasing particle content up to 1.3 Vol.-%, at which the fracture toughness reaches 

its maximum with an improvement by about 10.0% compared to neat iPP. At 2.3 

Vol.-% of C8-particles, the fracture toughness is decreased by 4%. The reason should 

be that the particles/agglomerates at high concentration in iPP matrix will build up a 
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three dimensional network structure that leads to a brittle behaviour of composites. 

The fracture surface and morphology of iPP/TiO2 composites are shown in Figure 

4.3.6. From the figures, the C0-iPP/TiO2 composite with 0.8 Vol.-% of particles shows 

macro polymer deformation on the fracture surface, whereas the C0-iPP/TiO2 

composites containing 1.3- and 2.3 Vol.-% of particles show much smoother fracture 

surfaces, especially at 2.3 Vol.-% of particles. The C0-iPP/TiO2 composites show 

decreased resistance against fracture growth with increasing particle content. The 

C8-iPP/TiO2 composites containing 0.8-, 1.3- and 2.3 Vol.-% of particles show similar 

fracture surfaces with fracture zones. Among three composites, the composite with 

2.3 Vol.-% of particles shows the smoothest fracture surface indicating the lowest 

resistance against fracture propagation. More details in fracture zones are shown in 

Figure 4.3.7.      
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Figure 4.3.6: Overview of fracture surfaces of C0- and C8-iPP/TiO2 composites after 

CT test obtained by SEM examination. 
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Figure 4.3.7: Close-view into the fracture zones on the surfaces of fractured C0- and 

C8-iPP/TiO2 composites after CT test. The pictures are taken from the position at the 

top of initial crack on CT-samples.  
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As mentioned in chapter 4.2.4, the fracture toughness of a polymer composite is a 

result of combined effects related to the formation of dimples and polymer deformation 

by coalescence of voids as shown in Figure 1.2.20 (chapter 1.2.4). As shown in Figure 

4.3.7, the C0-iPP/TiO2 composite with 0.8 Vol.-% of particles reveals the maximum 

viscoelastic deformation on the fracture surface. The fractured surfaces of other 

C0-composites show decreased deformation behaviour; especially the C0-composite 

with 2.3 Vol.-% of TiO2 particles shows a very smooth fracture surface on which large 

agglomerates of particles are observed, indicating a brittle fracture. This fracture 

morphology correlates well with the fracture toughness of C0-iPP/TiO2 composites.  

In C8-iPP/TiO2 composites, the C8-TiO2 particles  will not easily detach from the iPP 

matrix due to increased interfacial adhesion. Additionally, the increased matrix-particle 

adhesion leads to formation of more dimples during fracture process due to a stronger 

stress transfer effect than easily debonded C0-TiO2 particles. This stress transfer 

effect  depends on particle loading and is more pronounced at higher particle 

contents. On the other hand, higher particle content leads to smoother fracture 

surface. As a result, the C8-iPP/TiO2 composite containing 1.3 Vol.-% of particles 

results in the highest fracture toughness among C8-composites. The fracture 

toughness (total energy dissipation) in C8-iPP/TiO2 composites does not differ much 

during fracture process. This correlates well with their comparable fracture toughness 

as shown in Figure 4.3.7. 

 

Notched Charpy impact strength 

The notched Charpy impact strength of all iPP/TiO2 composites was measured and 

analyzed. The results are shown in Figure 4.3.8.  
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Figure 4.3.8: notched Charpy impact strength of neat iPP and all iPP/TiO2 composites 

as a function of particle loading. 

 

As observed, the notched Charpy impact strength of C0-iPP/TiO2 composites 

increases with increasing particle content and all values are higher than that one of 

neat iPP. The maximum improvement at 2.3 Vol.-% is by 28.0%. In C8-iPP/TiO2 

composites, the impact strength increases with increasing particle loading up to 1.3 

Vol.-% of particles, at which the maximum improvement is by 37.2%. Higher particle 

loading does not lead to higher improvement. At 2.3 Vol.-% of C8-TiO2 particles, the 

improvement in notched Charpy impact strength is by 31.1%. The C8-composite 

containing 0.4 Vol.-% of TiO2 particles shows dramatically decreased impact strength 

compared to neat iPP, which is unexplainable and will be neglected. 

From 0.8 Vol.-% of TiO2 particles, the C8-composites exhibit higher impact strength 

than respective C0-composites. This should be attributed to a better matrix-particle 

adhesion and better dispersion quality of C8-TiO2 particles in iPP. 
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4.3.3 Thermal and thermo-mechanical properties 

TGA results 

The thermal stability of iPP/TiO2 composites was investigated by TGA. Figure 4.3.9 

shows the curves of weight loss of C8-iPP/TiO2 composites as a function of 

temperature. The C0-iPP/TiO2 composites show a similar thermal behaviour as 

C8-iPP/TiO2 composites. The onset degradation temperature (Tonset), the 

temperatures at 20% (T20%) and 50% weight loss (T50%) of C0- and C8-iPP/TiO2 

composites are listed in Table 4.7.  

 

 

 

 

 

 

 

 

 
Figure 4.3.7: Weight loss as a function of temperature for C8-iPP/TiO2 composites 

obtained by TGA.  

 

It is evident that the thermal stability Tonset of iPP/TiO2 composites increases slightly 

with increasing particle content, this increasing tendency is especially significant in 

C8-iPP/TiO2 composites. At 2.3 Vol.-% of TiO2 particles, the respective improvements 

in Tonset are by 23.7 °C for C8-iPP/TiO2 composite and by 21.4 °C for C0-iPP/TiO2 

composite. Additionally, the C8-composites show a slightly higher thermal stability 

than the respective C0-composites. This correlates with the higher interfacial 
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interactions between iPP matrix and C8-TiO2 nanoparticles due to surface 

modification with silane. Nevertheless, the difference is not significant.  

 

Table 4.7: TGA results of C0- and C8-iPP/TiO2 composites 

C8-iPP/TiO2 C0-iPP/TiO2 Particle 

content  

[Vol.-%] T20% [°C] T50% [°C] Tonset [°C] T20% [°C] T50% [°C] Tonset [°C] 

neat iPP 447.6 464.9 443.7 447.6 464.9 443.7 

0.4 464.6 478.2 460.3 464.4 475.1 462.2 

0.8 466.5 479.7 462.3 469.7 476.0 462.6 

1.3 469.4 480.2 466.0 470.8 478.3 464.2 

2.3 472.7 482.9 467.4 471.2 480.9 465.1 

 

 

DSC results 

The thermal and crystalline behaviour of iPP/TiO2 composites were examined by 

using DSC. Figure 4.3.8 shows the melting and the crystalline peaks of neat iPP and 

C0-iPP/TiO2 composites. The C8-iPP/TiO2 composites show similar DSC curve 

shapes as C0-iPP/TiO2 composites. 

It can be seen that the position of melting peaks of iPP composites doesn’t change 

significantly compared to neat iPP. On the contrary, the crystalline peaks of 

composites shift significantly to higher temperatures in comparison to neat iPP. The 

obtained melting temperature (Tm), the crystalline temperature (Tc) and the 

crystallinity of iPP matrix (Xc) for all samples are listed in Table 4.8.  
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Figure 4.3.8: DSC results of C0-iPP/TiO2 composites: (a) melting curves and (b) 

crystalline curves. 

 
Table 4.8: DSC results of C0- and C8-iPP/TiO2 composites 

C8-iPP/TiO2 composite C0-iPP/TiO2 composite Particle content 

[Vol.-%] Tm [°C] Tc [°C] Xc [%] Tm [°C] Tc [°C] Xc [%] 

neat iPP 168.4 116.0 48.4 168.4 116.0 48.4 

0.4 166.7 116.4 46.9 167.1 117.5 47.1 

0.8 167.5 116.9 44.7 167.4 121.3 46.6 

1.3 168.0 116.9 43.1 166.6 121.5 44.5 

2.3 167.2 116.7 40.5 167.2 123.7 42.0 
 

It is evident that the melting temperature Tm of iPP in all iPP/TiO2 composites is not 

significantly affected by addition of TiO2 nanoparticles, and there is no clear 

relationship between the melting temperature of iPP in iPP/TiO2 composites and the 

particle content as reported in [128]. In addition, no evident improvements in 

crystalline temperatures of C8-iPP/TiO2 composites are observed. By contrast, the 

crystalline temperatures of C0-iPP/TiO2 composites are obviously increased 

compared to neat iPP, and the improvement in Tc clearly increases with increasing 
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particle content. At 2.3 Vol.-% of C0-TiO2 particles, the crystalline temperature is 7.7 

°C higher than that of neat iPP. This result indicates that the unmodified C0-TiO2 

particles reveal much stronger nucleation effect than modified C8-TiO2 particles.  

Similar result are obtained in  case of SiO2 nanoparticles where that unmodified 

C0-SiO2 nanoparticles show a stronger nucleation effect than surface modified SiO2 

nanoparticles (chapter 4.2.3). Supaphol and co-workers have also reported that 

untreated TiO2 particles show a higher nucleating effect than chemically treated TiO2 

particles [60]. As a result of higher nucleation effect of C0-TiO2 particles, the 

crystallinity of iPP matrix in C0-iPP/TiO2 composites is slightly higher than that one of 

respective C8-composites. Additionally, the crystallinity of iPP matrix in both C0- and 

C8-composites decreases with increasing particle content and the Xc values in all 

iPP/TiO2 composites are clearly decreased compared to neat iPP, especially at high 

particle content. Figure 4.3.9 shows the morphology of spherulite features of iPP in 

C0- and C8-iPP/TiO2 composites with 2.3 Vol.-% of particles. Similar to iPP/SiO2 

composites, no crystal structure is observed in both iPP/TiO2 composites at such a 

high TiO2 concentration..  

 

 

 

 

 

 

 

 
Figure 4.3.9: SEM images for “spherulite structure” and size in iPP/TiO2 composites.  
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DMTA results 

The dynamic-mechanical thermal properties of iPP/TiO2 composites were investigated 

by using DMTA. The storage modulus E’ at 23 °C and the β-transition temperature of 

neat iPP and all iPP/TiO2 composites are summarised in Table 4.9.  

 

Table 4.9: DMTA results of C0- and C8-iPP/TiO2 composites 

C8-iPP/TiO2 composite C0-iPP/TiO2 composite Particle content 

[Vol.-%] E’ at 23 °C [MPa] Tβ [°C] E’ at 23 °C [MPa] Tβ [°C] 

neat iPP 1762 ± 131 12.4 1762 ± 131 12.4 

0.4 1985 ± 77 12.5 1900 ± 71 12.4 

0.8 2080 ± 99 13.5 2027 ± 59 13.5 

1.3 2175 ± 123 14.0 2200 ± 83 12.5 

2.3 2340 ± 47 13.9 2401 ± 41 12.5 

 

It is observed that the storage moduli of iPP/TiO2 composites are overall improved 

compared to neat iPP. In both composite series, increasing particle content leads to 

increased storage modulus despite the reduction in crystallinity of iPP matrix. The 

maximum improvements at 2.3 Vol.-% of particles are by 33% for C8-iPP/TiO2 

composite and by 36% for C0-iPP/TiO2 composite, respectively. The differences in 

storage modulus between C0-iPP/TiO2 composites and C8-iPP/TiO2 composites are 

not significant. The β-relaxation temperature of iPP in iPP/TiO2 composites is slightly 

increased with maximum improvements by 1.6 °C and 1.1 °C for C8-iPP/TiO2 (1.3 

Vol.-%) and C0-iPP/TiO2 (0.8 Vol.-%), respectively. This slight increase in glass 

transition temperature of iPP can be attributed to reduction in the mobility of iPP 

molecules due to particle hindrance and decrease in crystallinity of iPP in iPP/TiO2 

composites. 
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4.3.4 Weathering/Chalking effect of TiO2 particles on iPP/TiO2 composites 

Some pigments, of which TiO2 is the most known, are photochemically active and can 

catalyse the photodegradation of the polymer matrix in which they reside. The 

untreated TiO2 particles with OH-groups on particle surface especially that ones with 

anatas-structure will absorb UV light causing cyclic reduction and oxidation of titanium 

ions via electronic reactions as follows [135]: 
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In polymer/TiO2 composites, the released free radicals at the particle-matrix interface 

will accelerate the photodegradation of the polymer, resulting in weathering/chalking 

of polymers as shown in Figure 4.3.10. 

 

 

 

 

 

 

 

 

 

Figure 4.3.10: Mechanism of weathering/chalking of polymers due to photoactive TiO2 

particles [135]. 

 

This weathering/chalking effect of untreated TiO2 particles is usually suppressed by 

the surface treatment with inorganic (e.g. Al2O3, SiO2, ZrO2) and/or organic substrates 
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(e.g. silanes). The surface treatment traps the photochemically induced radicals on 

the TiO2 surface and prevents them to go into a secondary photochemical reactions 

with polymers [135].  

Figure 4.3.11 shows the tensile bars of C0- and C8-iPP/TiO2 composites with 2.3 

Vol.-% of respective particles. The samples were exposed in air for 30 days before the 

pictures were taken. It can be seen that the weathering/chalking is not significant in 

both iPP composites although one of which is filled with untreated TiO2 nanoparticles. 

This indicates that iPP has a high resistance against photodegradation caused by 

untreated TiO2 particles. It should be noted that weathering depends on the duration 

and the environments of exposure. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3.11: Tensile samples of C0- and C8-iPP/TiO2 composites (2.3 Vol.-%) after 
exposure in air for 30 days, no weathering is observed.
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4.3.5 Conclusion 

Two types of TiO2 particles were incorporated into iPP. The iPP/TiO2 composites were 

prepared by direct melt blending in a twin-screw extruder. The properties of produced 

composites were characterized and discussed. The silane-modified C8-TiO2 

nanoparticles show a degree of hydrophobicity by 75.6%. According to SEM 

examination, the C8-TiO2 particles are homogeneously dispersed in iPP matrix, 

whereas untreated C0-TiO2 particles result in a high degree of 

agglomeration/flocculation. The TGA results show that the C8-iPP/TiO2 composites 

exhibit higher thermal stability than C0-iPP/TiO2 composites due to increased 

interfacial interactions. According to DSC results, the C0-TiO2 particles show a 

stronger nucleation effect than surface modified C8-TiO2 particles, indicated by much 

higher crystalline temperatures of iPP matrix in C0-iPP/TiO2 composites. Similar to 

iPP/SiO2 composites, the crystallinity of iPP matrix in iPP/TiO2 composites is 

decreased and doesn’t benefit to the mechanical properties of composites. Both C0- 

and C8-composites show increased storage moduli with increasing particle content. 

Furthermore, the C8-composites show higher fracture toughness and notched Charpy 

impact strength than respective C0-composites at higher particle contents. This result 

should be attributed to increased matrix-particle interchanges in C8-composites. No 

difference in weathering behaviour was observed between C0- and C8-iPP/TiO2 

composites. According to the results obtained in this chapter, the surface 

pre-treatment of TiO2 particles strongly affects the dispersion quality and the 

nucleation effect of particles in iPP. Conversely, the effect of surface pre-treatment is 

not significant on the mechanical, thermal and weathering properties of iPP/TiO2 

composites. 
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4.4 Influence of nanoparticle nature on properties of iPP composites 

An important parameter which strongly affects the thermal and mechanical properties 

of particulate-filled polymer composites is the chemical nature of nanoparticles. 

Different particles with similar size and shape can differ in chemical composition and 

related chemical activity as well as their surface nature. It is known that unmodified 

TiO2 nanoparticles (metal oxide) are chemically more active as electronic donator than 

unmodified SiO2 nanoparticles (non-metal oxide) [72]. The surface polarity of 

unmodified TiO2 particles is higher than that one of unmodified SiO2 particles as 

shown in Table 1.2 in chapter 1.2.3, i.e. the surface tension )0()0( 22 SiOCTiOC     [72]. 

As a result of higher surface polarity, the compatibility and adhesion between C0-TiO2 

and iPP matrix are lower than those between C0-SiO2 and iPP matrix. Thus, the 

C0-TiO2 particles result in a higher degree of agglomeration in iPP matrix than 

C0-SiO2 particles as shown in SEM micrographs in Figures 4.2.4 and 4.3.1. After 

surface modification with octylsilane, C8-TiO2 nanoparticles show a higher degree of 

hydrophobicity than C8-SiO2 particles (75.6% vs. 56.2%) according to hydrophobicity 

test in this study, indicating a higher degree of covering on particle surface with alkyl 

groups. In addition, C8-TiO2 particles have a larger contact angle (143) than C8-SiO2 

particles (136) as given in Table 1.2 in chapter 1.2.3, indicating a lower surface 

tension of C8-TiO2 particles, i.e. )8()8( 22 SiOCTiOC    , but the difference should be not 

large. 

The thermal properties of C0- and C8-iPP/SiO2 and iPP/TiO2 composites containing 

2.3 Vol.-% of respective particles are summarized in Table 4.10. 
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Table 4.10: Thermal properties of C0- and C8-iPP/SiO2 and iPP/TiO2 composites 

containing 2.3 Vol.-% of respective nanoparticles 

Samples 
Thermal stability 

Tonset [°C] 

Crystalline temperature 

Tc [°C] 

Crystallinity 

Xc [%] 

Neat iPP 443.7 116.0 48.4 

C0-iPP/SiO2 449.1 116.9 48.3 

C0-iPP/TiO2 465.1 123.7 42.0 

C8-iPP/SiO2 452.2 116.6 46.5 

C8-iPP/TiO2 467.4 116.7 40.5 

 

Based on the results in Table 4.10, it can be seen that the thermal stability of C0- and 

C8-iPP/TiO2 composites is 15°C higher than the respective C0- and C8-iPP/SiO2 

composites. Because of this significant reinforcing effect in thermal stability, TiO2 

nanoparticles are usually used as flame retardant in many polymers to improve the 

thermal stability of final products [60]. In terms of crystalline behaviour, C0-iPP/TiO2 

composite (2.3 Vol.-%) shows a higher crystalline temperature by 7.1°C than 

C0-iPP/SiO2 composite (2.3 Vol.-%), indicating a stronger heterogeneous nucleation 

effect of C0-TiO2 particles. This should be attributed  to the different chemical 

structures of TiO2 and SiO2 particles as well as to the different surface polarity as 

mentioned above. The C8-iPP/SiO2 and C8-iPP/TiO2 composites show similar 

crystalline temperatures of iPP matrix, indicating a similar nucleation effect of these 

two particle types. In the case of crystallinity of iPP matrix, both iPP/SiO2 composites 

show much higher Xc degrees than both iPP/TiO2 composites.  
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Figure 4.4.1: Influence of particle type on tensile properties of iPP composites 

containing 2.3 Vol.-% of particles (TiO2 vs. SiO2): (a) tensile modulus and (b) tensile 

strength.  

 

The tensile modulus and tensile strength of discussed composites based on the 

values of neat iPP are shown in Figure 4.4.1. From Figure 4.4.1a, the C0-iPP/TiO2 

composite (2.3 Vol.-%) shows a higher tensile modulus than C0-iPP/SiO2 composite 

(2.3 Vol.-%) despite lower crystallinity of iPP matrix, the respective improvements are 

by 24.1% vs. 20.9%. The reasons could be as follows: firstly, the metal oxide C0-TiO2 

particles are harder than non-metal oxide C0-SiO2 particles; secondly, C0-TiO2 

particles result in larger agglomerates/flocculates in iPP matrix as shown in Figure 

4.3.1, which lead to a stiffer behaviour of iPP composite. Unlike C0-composites, the 

C8-iPP/SiO2 composite (2.3 Vol.-%) shows a higher tensile modulus with an 

improvement by 10.5% towards 4.4% in case of C8-iPP/TiO2 composite (2.3 Vol.-%). 

It can be explained as follows: firstly, the crystallinity of iPP in C8-iPP/SiO2 composite 

(2.3 Vol.-%) is by 6% higher than that one in C8-iPP/TiO2 composite (2.3 Vol.-%); 

secondly, the degree of hydrophobicity of C8-TiO2 particles is higher than that one of 

C8-SiO2 particles (75.6% vs. 56.2%), indicating a higher degree of covering on 

C8-TiO2 particle surface. The higher the surface covering, the stronger the plasticizing 
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effect of particles.  

As shown in Figure 4.4.1b, the C8-iPP/TiO2 composite (2.3 Vol.-%) exhibits slightly 

increased tensile strength compared to C8-iPP/SiO2 composite (2.3 Vol.-%), whereas 

the C0-iPP/TiO2 composite (2.3 Vol.-%) shows a much higher tensile strength than the 

C0-iPP/SiO2 composite (2.3 Vol.-%). In general, dispersed particles in polymer 

composites should act in two ways: (1) serving as binding agent in order to modify the 

morphological structure of polymer matrix; (2) acting as stress concentrators under 

imposed force [136]. Since the interfacial adhesion between iPP and C0-TiO2 particles 

is weaker than that between iPP and C0-SiO2 particles, the higher tensile strength of 

C0-iPP/TiO2 composite (2.3 Vol.-%) can be attributed to a stronger stress 

concentration effect of C0-TiO2 particles. The C8-iPP/TiO2 composite (2.3 Vol.-%) 

reveals a higher tensile strength than the C8-iPP/SiO2 composite (2.3 Vol.-%) due to 

stronger interfacial interactions (higher degree of covering).      

 

It was reported that lower crystallinity and smaller spherulites of matrix would lead to 

higher fracture toughness of a polymer composite [137, 138]. Figure 4.4.2 shows the 

fracture toughness of neat iPP and discussed composites. It can be seen that the 

C0-iPP/TiO2 composite (2.3 Vol.-%) exhibits much lower fracture toughness than the 

C0-iPP/SiO2 composite (2.3 Vol.-%) despite lower crystallinity of iPP matrix in 

composite. This result can be mainly attributed to poor dispersion quality of C0-TiO2 

particles in iPP matrix leading to easier propagation of cracks. On the other hand, the 

C8-iPP/TiO2 composite (2.3 Vol.-%) shows a higher KIC value than the C8-iPP/SiO2 

composite (2.3 Vol.-%), correlating well with the lower crystallinity of iPP matrix and 

the higher interfacial interactions in C8-iPP/TiO2 composite (2.3 Vol.-%). 
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Figure 4.4.2: Influence of particle type on fracture toughness of iPP composites 

containing 2.3 Vol.-% of particles (TiO2 vs. SiO2). 
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4.5 TPE(PBT-PTMG)/TiO2 composites filled with different TiO2 particles 

In this chapter, a thermoplastic elastomer (TPE) based on PBT-PTMG was used as 

polymer matrix. Three types of TiO2 particles were used as fillers for TPE(PBT-PTMG) 

as shown in Table 3.2 in chapter 3.1.2, i.e. unmodified TiO2 (21 nm, Aeroxide P25) 

particles with OH-groups on particle surface, surface modified TiO2 (300 nm, Kronos 

2310) and TiO2 (15 nm, Hombitec RM 300) particles with Al2O3, SiO2 and polyalcohol. 

All three particles show a hydrophilic surface nature. The TPE(PBT-PTMG)/TiO2 

composites were prepared by direct melt blending in a twin-screw extruder via 

masterbatch technique as introduced in chapter 3. The properties of produced 

TPE(PBT-PTMG)/TiO2 composites were characterized and discussed.     

4.5.1 TPE(PBT-PTMG)/TiO2 (21 nm) composites  

4.5.1.1 Dispersion of TiO2 (21 nm) particles in TPE(PBT-PTMG) 

After compounding process, the dispersion quality of TiO2 (21 nm) particles in 

TPE(PBT-PTMG) was examined by using SEM and µCT methods. Figure 4.5.1a 

shows the SEM micrographs of unmodified TiO2-filled TPE(PBT-PTMG) composites 

with different particle contents. Figure 4.5.1b represents a close-up view of 

particle-matrix interphase. 
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Figure 4.5.1: SEM micrographs of TPE(PBT-PTMG)/TiO2 (21 nm) composites with 

different particle contents: (a) dispersion of TiO2 (21 nm) particles in TPE(PBT-PTMG), 

(b) a close view of particle-matrix interface. 

 

 



4 Results and Discussion                                                                       - 131 - 

Like in iPP/C0-TiO2 composites, the TiO2 (21 nm) nanoparticles result in strong 

agglomeration/flocculation in the TPE(PBT-PTMG) matrix and the degree of 

agglomeration increases with increasing particle content. As already discussed in 

chapter 4.4 and 4.5, the reason for such a strong agglomeration is the strong 

interfacial interactions among the nanoparticles itself due to formation of hydrogen 

bonds, especially related to the high surface tension of this unmodified TiO2 

nanoparticles. The existence of such large agglomerates in the TPE(PBT-PTMG)/TiO2 

(21 nm) composites indicates again that the shear force during extrusion process was 

not effective enough to break them down. From Figure 4.5.1b, it is interesting to see 

that a “fibrillar” structure of TPE(PBT-PTMG) is formed at the matrix-TiO2 interface, 

indicating an excellent interfacial adhesion. It is mentioned in chapter 1 that TiO2 

molecules can form chemical bonding with carboxylate groups in PBT-PTMG 

copolymer. The good interfacial adhesion at interface is a proof for such chemical 

bonds.  

The µCT images characterize the spacial dispersion of TiO2 (21 nm) particles in the 

TPE(PBT-PTMG) matrix as shown in Figure 4.5.2. It should be noted that the 

maximum resolution of used µ-CT apparatus in this work is 500 nm. The particles, 

which are much smaller than 500 nm, can not be detected by µ-CT examination. From 

µCT images, the TiO2 (21 nm) agglomerates are well distributed in TPE(PBT-PTMG) 

matrix although they result in a high degree of agglomeration.  
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Figure 4.5.2: µCT image of TPE(PBT-PTMG)/TiO2 (21 nm) composite containing 1.3 

Vol.-% of particles. 

 

4.5.1.2 Thermal properties of TPE(PBT-PTMG)/TiO2 (21 nm) composites 

DMTA results 

Dynamic mechanical measurements can provide a good impression of the phase 

behaviour of copolymers. Figure 4.5.3 shows the DMTA results of pure PBT-PTMG 

copolymer and its composites filled with TiO2 (21 nm) particles.  
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Figure 4.5.3: Dynamical mechanical properties of TPE(PBT-PTMG) and its 

composites: (a) loss factor tanδ as a function of temperature and (b) complex modulus 

as a function of temperature. 

 

From the Figure 4.5.3a, the tanδ curves of all materials exhibit only one significant 

glass transition peak at about -45 °C (Tg
1) which is mainly attributed to the soft PTMG 

block. Compared to PTMG homopolymer which has a Tg at about -50 °C [35], the 

single intensive glass transition peak in the PBT-PTMG block copolymer shifts clearly 

to higher temperature at -45.5°C. This increase of Tg (PTMG) in the copolymer is 

caused by chemical linkage to the rigid PBT block and partial block mixing with 

amorphous PBT segment. The glass transition peak of amorphous PBT in 

tanδ-temperature curve is not clearly observed. This indicates that either a 

non-crystalline PBT phase does not exist or the weight fraction of amorphous PBT is 

very low in this PBT-PTMG copolymer. The reason is that in polymeric materials 

containing semicrystalline components, during glass transition only the amorphous 

part undergoes the segmental motion, whereas the crystalline region remains as solid 

until its melting temperature is reached [130]. Generally, it is accepted that the 

amorphous PBT phase is mixed with PTMG phase building a homogenous 

amorphous phase [37]. As shown in Figure 4.5.3b, two fast drop steps in complex 
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modulus |E*| are observed as indicated in diagram. The first sharp drop in |E*| occurs 

after the glass transition of PTMG segment. The second fast drop in |E*| occurs at 

about 50 °C at which the glass transition of amorphous PBT segment should take 

place [139]. 

By incorporation of TiO2 (21 nm) particles, the glass transition peaks of PTMG 

segments in composites shift to higher temperatures compared to neat 

TPE(PBT-PTMG) matrix. This implies that the TiO2 (21 nm) particles in 

TPE(PBT-PTMG) restrict the mobility of macromolecular chains of matrix due to 

chemical and physical interactions. In addition, increasing particle content leads to 

increased glass transition temperature of PTMG segment and the complex modulus 

of TPE(PBT-PTMG)/TiO2 (21 nm) composites. At 4.9 Vol.-% of TiO2 (21 nm) particles, 

the improvements in glass transition temperature (PTMG) and storage modulus are 

3.0 °C and 32.7%, respectively. The storage modulus E’ and the glass transition 

temperature of PTMG segments in TPE(PBT-PTMG)/TiO2 (21 nm) composites are 

listed in Table 4.11. 

 

TGA results 

The thermal stability of TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (21 nm) 

composites was examined by using TGA. The results are shown in Figure 4.5.4.  
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Figure 4.5.4: TGA curves of TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (21 nm) 

composites. 

 

It is evident that neat TPE(PBT-PTMG) exhibits a one-step-degradation process in the 

temperature range of 330-460 °C. The weight loss of pure TPE(PBT-PTMG) below 

330 °C is lower than 0.05% corresponding to loss of remaining humidity in matrix. The 

main decomposition corresponding to matrix back-bone degradation starts at about 

330 °C with an accelerated rate. The average thermal degradation temperature (Tonset) 

of neat TPE(PBT-PTMG) which characterizes the thermal stability of the polymer is 

395.8 °C. The incorporation of TiO2 (21 nm) particles obviously reinforces the thermal 

stability of TPE(PBT-PTMG) with a maximum improvement by 5.3 °C at 4.9 Vol.-% of 

particles. This improvement can be attributed to the chemical interactions between 

TPE(PBT-PTMG) and TiO2 (21 nm) particles. The Tonset of TPE(PBT-PTMG) 

composites increases with increasing particle content. All Tonset values of neat 

TPE(PBT-PTMG) and its composites are given in Table 4.11. 
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Table 4.11: Results of DMTA and TGA tests of neat TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (21 nm) composites 

Samples 
Particle content 

[Vol.-%] 

Tg (PTMG) 

[°C] 

E’ (23°C) 

[MPa] 

Tonset 

[°C] 

neat 
TPE(PBT-PTMG) 0 -45.5 72.7 395.8 

E3 1.3  -44.7 75.9 397.9 

E2 2.6  -44.5 83.5 398.7 

E1 4.9  -42.5 96.5 401.1 
 

 

DSC results 

The thermal and crystalline properties of neat TPE(PBT-PTMG) and its composites 

were examined by using DSC method. The results are shown in Figure 4.5.5.  

 

Figure 4.5.5: DSC curves of TPE(PBT-PTMG) matrix and TPE(PBT-PTMG)/TiO2 (21 

nm) composites: (a) melting curves and (b) crystalline curves. 

 

As shown in Figure 4.5.5a, two glass transition peaks and two melting peaks in the 

DSC curves of all materials are observed, in which the glass transition peak at about 

-55 °C (Tg
1) and the melting peak close to 90 °C (Tm

1) are related to PTMG segment, 
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while the small glass transition peak around 50 °C (Tg
2) and the melting peak at about 

175 °C (Tm
2) are attributed to PBT segment. The observation of two glass transition 

peaks reflects the amorphous PBT and PTMG phases which differ in chemical 

composition. Compared to pure TPE(PBT-PTMG) matrix, the TPE(PBT-PTMG)/TiO2 

(21 nm) composites reveal slightly increased glass transition temperatures of PTMG 

and PBT segments as given in Table 4.12. 

  

Table 4.12: DSC results of TPE(PBT-PTMG) and its TPE(PBT-PTMG)/TiO2 (21 nm) 

composites 

Samples Tg
1 (DSC) 

[°C] 

Tg
2 (DSC) 

[°C] 

Tm
1 (DSC) 

[°C] 

Tm
2 (DSC) 

[°C] 

ΔH(PBT)  

[J/g] 

neat 
TPE(PBT-PTMG) -57.2 52.0 86.5 174.6 23.2 

E3 (1.3 V%) -56.4 52.9 97.2 178.0 20.5 

E2 (2.6 V%) -55.5 52.6 95.6 177.2 19.7 

E1 (4.9 V%) -56.9 52.4 83.4 175.9 20.2 
Note: 1 for PTMG block, 2 for PBT block. 

 

From Table 4.12, the incorporation of TiO2 (21 nm) particles in TPE(PBT-PTMG) 

shows a strong effect on the melting temperature of PTMG segment. At 1.3 Vol.-% of 

particles, the melting temperature Tm (PTMG) increases from 86.5 °C of matrix to 97.2 

°C of composite. The improvement is about 11 °C. Higher particle loading leads to a 

decrease of Tm (PTMG). At 4.9 Vol.-% of TiO2 (21 nm) particles, the melting 

temperature of PTMG segment in composite is 3.1 °C lower than that of pure matrix. 

Unlike strongly affected Tm (PTMG) in composites, the melting temperature of PBT 

segment in TPE(PBT-PTMG)/TiO2 (21 nm) composites only slightly increases 

compared to pure TPE(PBT-PTMG) matrix, but it shows similar decreasing tendency 
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with increasing particle content. The maximum improvement in Tm (PBT) is 3.4 °C at 

1.3 Vol.-% of TiO2 (21 nm) particles. The increase of melting temperatures of PTMG 

and PBT segments in composites should be attributed to the chemical linkage 

between matrix and TiO2 (21 nm) particles as introduced in chapter 1, which actually 

increases the chain length and the molecular weight of PBT-PTMG block as well as 

the degree of crosslinkage between polymer chains. On the other hand, the addition 

of TiO2 particles in composites leads to decreased weight fractions of PTMG and PBT 

segments in composition. This should be the reason for decreasing Tm (PTMG) and 

Tm (PBT) in composites with increasing particle content [139]. Furthermore, it is 

thought that the TiO2 (21 nm) particles are mainly located in the mixed PTMG/PBT 

amorphous phase which is rich in PTMG segment, i.e. the chemical interactions 

between TPE(PBT-PTMG) matrix and TiO2 (21 nm) particles mostly exist in the mixed 

PBT/PTMG amorphous phase as shown in Figure 4.5.6. Therefore, the increasing 

effect of particles on melting temperature is more pronounced for PTMG segment 

than for PBT segment.  

 

 

 

 

 

 

 

 

Figure 4.5.6: The location of TiO2 (21 nm) particles in the PBT-PTMG matrix.  

 

As another result of these chemical cross-links between matrix and TiO2 particles, the 
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crystallinity of hard PBT segment is clearly decreased in TPE(PBT-PTMG)/TiO2 

composites due to decreased chemical regularity of PBT macromolecular chains, 

indicated by decreased crystalline enthalpy (ΔH-PBT) as shown in Table 4.12. The 

crystalline peaks of PBT segment in composites shift to higher temperature compared 

to neat TPE(PBT-PTMG) matrix, indicating a heterogeneous nucleation effect of TiO2 

particles.  

 

4.5.1.3 Mechanical properties of TPE(PBT-PTMG)/TiO2 (21 nm) composites 

Tensile properties 

The tensile properties of TPE(PBT-PTMG)/TiO2 (21 nm) composites were examined 

by using tensile test. Figure 4.5.7 shows the typical stress-strain curves of neat 

TPE(PBT-PTMG) and TPE(PBT-PTMG)/C0-TiO2 composites.  

 

 

 

 

 

 

 

 

 

Figure 4.5.7: Stress-strain curves of TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (21 

nm) composites. 

 

It can be seen that the tensile stress increases continuously with increasing tensile 
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strain in S-S curves. No yield point is observed. From the S-S curves, the 

incorporation of TiO2 (21 nm) particles reinforces the TPE(PBT-PTMG) matrix and the 

composites remain ductile. Figure 4.5.8 shows the tensile results in detail.  

 

Figure 4.5.8: Tensile properties of neat TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 

(21 nm) composites: (a) tensile modulus as a function of particle content, and (b) 

tensile stress as a function of tensile strain. 

 

As shown in Figure 4.5.8a, the tensile modulus significantly increases with increasing 

particle content. At 1.3 Vol.-% of TiO2 particles, the tensile modulus is comparable 

high with neat TPE(PBT-PTMG) matrix due to low particle loading. At 2.6- and 4.9 

Vol.-% of particles, the improvements in tensile modulus attain 11% and 25%, 

respectively. The diagram in Figure 4.5.8b shows the tensile stress of all samples as a 

function of tensile strain. Evidently, the tensile stress of all samples increases with 

increasing tensile strain in the studied strain range. The incorporation of TiO2 particles 

into TPE(PBT-PTMG) improves the tensile stress of composites at higher particle 

contents due to strong stress transfer from matrix to particles. At 1.3 Vol.-% of TiO2 

(21 nm) particles, an improvement in tensile stress does not occur efficiently due to 

reduced stress transfer from TPE(PBT-PTMG) matrix to particles. Furthermore, 
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increasing tensile strain leads to decreased improvements in tensile stress of 

composites. At 50% tensile strain, the composites E1 and E2 exhibit 10% and 3% 

improvements, respectively. At 100% tensile strain, the improvements are by 6% for 

E1 and 2% for E2. At 300% tensile strain, the values of tensile stress of composites 

and neat TPE(PBT-PTMG) matrix are comparable to each other. In addition, all 

composites show high flexibility in the applied strain range whereas their tensile 

modulus and stress are obviously improved. All samples kept undamaged up to 300% 

tensile strain. 

 

Creep behaviour 

The tensile creep behaviour of TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (21 nm) 

composites as a function of time at different testing temperatures is shown in Figure 

4.5.9. It can be clearly seen that the creep compliance of all samples increases with 

increasing temperature due to increasing polymer chain mobility and the creep 

compliance also increases with increasing testing time. 
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Figure 4.5.9: Effect of temperature on the tensile creep behaviour of neat 

TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (21 nm) composites. 



4 Results and Discussion                                                                       - 143 - 

Figure 4.5.10a and 4.5.10b show the creep compliance of TPE(PBT-PTMG) samples 

as a function of testing temperature (T = 30 °C) and time (t = 500 s), respectively. 

Evidently, at the same testing time or testing temperature, the creep compliance of 

TPE(PBT-PTMG) decreases significantly by incorporation of TiO2 (21 nm) particles. 

The reason is that the mobility of TPE(PBT-PTMG) chains in composites is strongly 

reduced due to chemical and physical interactions between matrix and TiO2 (21 nm) 

particles. In addition, increasing particle content leads to decreased creep compliance 

as expected, indicating an increased creep resistance of composites. This increased 

creep resistance of composites with increasing particle content can be attributed to 

increased interfacial interactions between TPE(PBT-PTMG) matrix and TiO2 (21 nm) 

particles which restrict the mobility of polymer chains.  

 

 

 

Figure 4.5.10: Creep compliance of TPE(PBT-PTMG) samples as a function of: (a) 

temperature and (b) time.  

 

In order to obtain the long-term creep behaviour of TPE(PBT-PTMG) samples, the 

time-temperature superposition (TTS) principle has been applied. The generated 

master curves, i.e. the logarithm creep compliance as a function of logarithm time, are 



4 Results and Discussion                                                                       - 144 - 

displayed in Figure 4.5.11 at a reference temperature by 30 °C. It is evident that the 

TPE(PBT-PTMG)/TiO2 (21 nm) composites reveal significant decreased creep 

compliance, i.e. increased resistance to tensile creep compared to neat 

TPE(PBT-PTMG) within the whole time range (10-2 to 108 s). Additionally, the creep 

resistance of composites increases with increasing particle content. 

 

 

 

 

 

 

 

 

 

Figure 4.5.11: Master curves of creep compliance for TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (21 nm) composites. 

 

According to [102], the Arrhenius equation can better describe the relationship 

between temperature and shift factor of TPE(PBT-PTMG) samples, because 

TPE(PBT-PTMG) is a block copolymer containing a semi-crystalline PBT segment. 

Figure 4.5.12 shows the shift factors logαT, obtained by shifting the creep curves to 

the reference curve by 30 °C, as a function of 1/T for all TPE(PBT-PTMG) samples. It 

appears that the shift data can be well described by the Arrhenius equation. The 

activation energy values of all samples calculated from the slope of the regression 

curves in Figure 4.5.12 are listed in Table 4.13. It can be seen that the activation 

energy of TPE(PBT-PTMG) is increased by incorporation of TiO2 (21 nm) particles, 
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and the value also increases with increasing particle content. The larger the activation 

energy, the greater is the influence of temperature on shift factor [140].  

 

 

 

  

 

 

 

 

 

 
Figure 4.5.12: Dependency of shift factor on temperature for TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (21 nm) composites. 

 

Table 4.13: Activation energy of TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (21 nm) 

composites 

 
Samples Activation energy E [kJ/mol] 

neat TPE(PBT-PTMG) 157.5 

E3 (1.3 Vol.-%) 166.2 

E2 (2.6 Vol.-%) 170.2 

E1 (4.9 Vol.-%) 174.0 
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4.5.1.4 Weathering behaviour of TPE(PBT-PTMG)/TiO2 (21 nm) composites  

As mentioned in chapter 4.3.4, untreated TiO2 particles in polymer composites can 

absorb UV light causing photochemical degradation of polymer matrix. Figure 4.5.13 

shows the tensile bars of neat TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (21 nm) 

composites with 2.6- and 4.9 Vol.-% of particles. The samples were exposured in air 

for 30 days before the pictures were taken. Compared to neat TPE(PBT-PTMG), it is 

evident that both composite samples show clear weathering cracks in tensile samples, 

indicating a significant photodegradation effect of untreated TiO2 (21 nm) particles. 

Compared to iPP in chapter 4.3.4, TPE(PBT-PTMG) has a lower resistance against 

photodegradation induced by TiO2 (21 nm). 

   

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.5.13: Tensile samples of TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (21 

nm) composites containing 2.6- and 4.9 Vol.-% of TiO2 (21 nm) particles for 

weathering assessment. 
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4.5.1.5 Conclusion 

The untreated TiO2 (21 nm) nanoparticles are compounded into PBT-PTMG-based 

TPE by using direct melt blending. The thermal and mechanical properties of 

TPE(PBT-PTMG)/TiO2 (21 nm) composites were characterized and discussed. 

According to SEM and µCT examination, the TiO2 (21 nm) particles result in a high 

degree of agglomeration. The agglomerates are well distributed in the 

TPE(PBT-PTMG) matrix despite high degree of agglomeration. It is also showed that 

the matrix-particle adhesion is very good due to strong chemical interactions. The 

results of thermal characterization show that the incorporation of TiO2 (21 nm) 

particles into TPE(PBT-PTMG) overall increases the thermal properties such as 

thermal stability of matrix, glass transition temperatures and melting temperatures of 

both PBT and PTMG segments. The storage modulus of TPE(PBT-PTMG)/TiO2 (21 

nm) composites is also increased compared to neat TPE(PBT-PTMG). As a result of 

chelating effects between TPE(PBT-PTMG) matrix and TiO2 (21 nm) particles, the 

crystallinity of PBT segment is decreased in composites. In addition, the incorporation 

of TiO2 (21 nm) particles shows an evident reinforcing effect on the tensile properties 

of TPE(PBT-PTMG). The tensile modulus and strength of TPE(PBT-PTMG) are 

significantly improved, especially at higher particle contents. Furthermore, the 

TPE(PBT-PTMG)/TiO2 (21 nm) composites show significantly higher creep resistance 

compared to neat TPE(PBT-PTMG), and it increases evidently with increasing particle 

content. Unlike iPP/TiO2 (21 nm) composites, the TPE(PBT-PTMG)/TiO2 (21 nm) 

composites show significant weathering/chalking behaviour caused by untreated TiO2 

(21 nm) nanoparticles.
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4.5.2 TPE(PBT-PTMG)/TiO2 (300 nm) composites 

As introduced in chapter 4.3.4, untreated TiO2 particles can act as photocatalyst in 

polymers and lead to photochemical degradation of polymer matrix as shown in 

chapter 4.5.1.4. Surface treatment can prevent the photodegradation induced by free 

radicals at polymer/TiO2 interface. In general, surface treatments of TiO2 particles 

usually consist of Al2O3, SiO2, ZrO2 and/or other substrates deposited in 

monomolecular layers by vapor-phase calcination. For example, an Al2O3 coating can 

enhance the dispersibility and flocculation resistance of TiO2 particles. A SiO2 

treatment can suppress the photocatalytical reaction on TiO2 surface, enhancing the 

durability of outdoor applications of polymer/TiO2 composites [144, 145].   

According to supplier’s information, the TiO2 (300 nm, Kronos 2310) particles were 

pre-treated with Al2O3 and SiO2 before supplying. The particles also show hydrophilic 

surface nature. In this chapter, two TPE(PBT-PTMG)/TiO2 (300 nm) composites 

containing 2.6- and 3.8 Vol.-% of particles were prepared. The thermal and tensile 

properties of produced composites were characterized and discussed.  

4.5.2.1 Dispersion of TiO2 (300 nm) particles in TPE(PBT-PTMG) 

The dispersion of TiO2 (300 nm) particles in TPE(PBT-PTMG) was examined by using 

SEM and µCT methods. Figure 4.5.14 shows the SEM micrograph of 

TPE(PBT-PTMG)/TiO2 (300 nm) composite filled with 2.6 Vol.-% of particles. Unlike 

TiO2 (21 nm) nanoparticles which exhibit a very high degree of agglomeration in 

TPE(PBT-PTMG), the TiO2 (300 nm) particles are well dispersed in the 

TPE(PBT-PTMG) matrix. No large agglomerates are observed. The composite with 

3.8 Vol.-% of TiO2 (300 nm) particles shows similar SEM micrographs as the 

composite with lower particle loading. In addition, the TiO2 (300 nm) particles are well 
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embedded in the TPE(PBT-PTMG) matrix indicating a very good phase adhesion 

between TPE(PBT-PTMG) matrix and particles. The very good dispersion quality of 

TiO2 (300 nm) particles can be attributed to surface treatment and low interfacial 

interactions between particles themselves. 

Figure 4.5.15 shows the spacial dispersion of TiO2 (300 nm) particles in 

TPE(PBT-PTMG) matrix obtained by µCT analysis. It is observed again that the TiO2 

(300 nm) particles are very homogenously distributed in the TPE(PBT-PTMG) matrix 

and most particles are dispersed to be primary ones in the TPE(PBT-PTMG).   

   

 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5.14: SEM micrograph of TiO2 (300 nm)-filled TPE(PBT-PTMG) composite 

(2.6 Vol.-%). 
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Figure 4.5.15: Three dimensional dispersion of TiO2 (300 nm) particles in 

TPE(PBT-PTMG) matrix (2.6 Vol.-%) obtained by µCT analysis. 

 

4.5.2.2 Thermal properties of TPE(PBT-PTMG)/TiO2 (300 nm) composites 

TGA results 

The thermal properties of TPE(PBT-PTMG)/TiO2 (300 nm) composites were 

characterized by TGA. Figure 4.5.16 shows the weight loss curves of neat 

TPE(PBT-PTMG) and composites filled with 2.6- and 3.8 Vol.-% of TiO2 (300 nm) 

particles.  

It can be seen that the incorporation of TiO2 (300 nm) particles into TPE(PBT-PTMG) 

only slightly increases the thermal stability of matrix. The onset decomposition 

temperature of composite containing 2.6 Vol.-% of TiO2 (300 nm) particles is only 0.7 

°C higher than that one of neat TPE(PBT-PTMG). At 3.8 Vol.-% of particles, the 

improvement in Tonset is by 1.1 °C. The Tonset and the temperatures at 20- and 50 wt% 

weight loss for TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (300 nm) composites are 

listed in Table 4.14. From the TGA results, TiO2 (300 nm) particles show no great 
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reinforcing effect on thermal stability of TPE(PBT-PTMG). 

 

 

 

 

 

 

 

 

 

Figure 4.5.16: TGA curves of TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (300 nm) 

composites. 

 

Table 4.14: TGA results of TPE(PBT-PTMG) matrix and TPE(PBT-PTMG)/TiO2 (300 

nm) composites 

 

 

DMTA results 

The dynamic-mechanical thermal behaviour of TPE(PBT-PTMG)/TiO2 (300 nm) 

composites was performed by using DMTA. Figure 4.5.17 shows the curves of loss 

factor tanδ and complex modulus |E*| as a function of temperature for all samples. 

Samples Particle content [Vol.-%] Tonset [°C] T20% [°C] T50% [°C] 

neat 
TPE(PBT-PTMG) 0 395.8 400.9 417.6 

K2 2.6  396.5 404.1 419.0 

K1 3.8  396.9 402.0 417.1 
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Figure 4.5.17: DMTA result of TPE(PBT-PTMG)/TiO2 (300 nm) composites. 

 

Similar to DMTA curves of TPE(PBT-PTMG)/TiO2 (21 nm) composites, the curves of 

TPE(PBT-PTMG)/TiO2 (300 nm) composites also show one significant glass transition 

peak related to PTMG segment in the tanδ-temperature diagram. Compared to neat 

TPE(PBT-PTMG) which exhibits a glass transition temperature of PTMG segment at 

-45.5 °C, the K2 composite containing 2.6 Vol.-% of TiO2 (300 nm) particles shows an 

increase in Tg (PTMG) by 3.1 °C (-42.4 °C). However, higher loading content does not 

lead to further improvement in Tg (PTMG) in DMTA characterization. The K1 

composite containing 3.8 Vol.-% of particles shows a Tg (PTMG) at -44.2 °C. Higher 

particle loading results in higher complex modulus of composite. In addition, both 

TPE(PBT-PTMG)/TiO2 (300 nm) composites reveal significant improvements in 

storage modulus E’ compared to neat TPE(PBT-PTMG), and the storage modulus 

increases with increasing particle content. At 23 °C, the storage modulus is 80.3 MPa 

for K2 composite and 84.1 MPa for K1 composite as listed in Table 4.15, i.e. the 

improvements in storage modulus are by 10.5% and 15.7%, respectively.   
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Table 4.15: DMTA results of TPE(PBT-PTMG)/TiO2 (300 nm) composites 

Samples Tg (PTMG) [°C] Storage modulus [MPa] 

neat TPE(PBT-PTMG) -45.5 72.7 

K2 (2.6 Vol.-%) -42.4 80.3 

K1 (3.8 Vol.-%) -44.2 84.1 

 

 

DSC results 

The thermal and crystalline behaviour of TPE(PBT-PTMG)/TiO2 (300 nm) composites 

were investigated by using DSC analysis. The melting and crystalline curves of 

samples are shown in Figure 4.5.18. The obtained data are listed in Table 4.16. 

  

Figure 4.5.18: DSC diagrams of TPE(PBT-PTMG)/TiO2 (300 nm) composites: (a) 

melting curves and (b) crystalline curves.  
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Table 4.16: DSC results of TPE(PBT-PTMG) matrix and TPE(PBT-PTMG)/TiO2 (300 

nm) composites 

 

From the DSC diagrams and the results in Table 4.16, it is evident that incorporation 

of TiO2 (300 nm) particles into TPE(PBT-PTMG) increases the glass transition 

temperature of PTMG segments in composites due to reduced mobility of polymer 

chains. The respective improvements in Tg (PTMG) are by 2.0 °C for K2 composite 

and 3.1 °C for K1 composite. The glass transition peaks for PBT segment in both 

composites are not observed in this DSC analysis. In addition, the melting 

temperatures of PTMG segments in composites are decreased compared to neat 

TPE(PBT-PTMG) and the Tm (PTMG) decreases also at higher particle loading. By 

contrast, the melting temperature of PBT segments in composites increases after 

particle loading. Higher particle content leads to a higher Tm (PBT). The improvement 

is by 5.0 °C at 3.8 Vol.-% of TiO2 (300 nm) particles. This improvement in Tm (PBT) in 

composites can be attributed to chemical interfacial interactions between 

TPE(PBT-PTMG) and TiO2 (300 nm) particles. Furthermore, both 

TPE(PBT-PTMG)/TiO2 (300 nm) composites show increased crystalline temperatures 

Tc (PBT) up to 3.8 °C at 3.8 Vol.-%, indicating a heterogeneous nucleation effect of 

TiO2 (300 nm) particles. Additionally, the crystallinity of PBT segments decreases in 

both composites indicated by decreased crystalline enthalpy.      

Samples 
Tg (PTMG) 

[°C] 

Tg (PBT) 

[°C] 

Tm (PTMG) 

[°C] 

Tm (PBT) 

[°C] 

Tc (PBT) 

[°C] 

ΔH 

(PBT)  

[J/g] 

neat 
TPE(PBT-PTMG) -57.2 52.0 86.5 174.6 132.0 23.2 

K2 (2.6 V%) -55.2 - 77.1 176.5 135.7 17.1 

K1 (3.8 V%) -54.1 - 72.5 179.6 135.8 16.4 
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4.5.2.3 Mechanical properties of TPE(PBT-PTMG)/TiO2 (300 nm) composites 

Tensile properties 

The tensile properties of TPE(PBT-PTMG)/TiO2 (300 nm) composites were 

characterized. Figure 4.5.19 shows the stress-strain curves of neat TPE(PBT-PTMG) 

and TPE(PBT-PTMG)/TiO2 (300 nm) composites filled with 3.8- and 2.6 Vol.-% of TiO2 

(300 nm) particles. It is evident that the K1 and K2 composites exhibit similar ductile 

behaviour as neat TPE(PBT-PTMG) and the tensile stress of TPE(PBT-PTMG) is 

clearly improved after loading of TiO2 (300 nm) particles.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.5.19: Tensile stress-strain curves of neat TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (300 nm) composites. 
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The detailed tensile modulus and tensile stress of all samples are shown in Figure 

4.5.20. From Figure 4.5.20a, the TPE(PBT-PTMG)/TiO2 (300 nm) composites show a 

remarkable improvement in tensile modulus. The improvements are by 89% for K2 

composite and 103% for K1 composite. The increased tensile modulus of composites 

should be attributed to addition of rigid TiO2 (300 nm) particles themselves.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.20: Tensile properties of TPE(PBT-PTMG)/TiO2 (300 nm) composites: (a) 

tensile modulus as a function of particle content, and (b) tensile stress as a function of 

tensile strain. 

 

Figure 4.5.20b shows the values of tensile stress of TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (300 nm) composites at different tensile strain up to 200%. 
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Compared to neat TPE(PBT-PTMG), the K1 and K2 composites result in significant 

improvements in tensile stress in the given tensile strain range. At 50% tensile strain, 

the improvements in tensile stress are by 5% for K2 and 10% for K1 composite. At 

200% tensile strain, the improvements are extended to 11% for K2 and 16% for K1 

composite. Obviously, the tensile modulus and tensile stress of TPE(PBT-PTMG)/TiO2 

(300 nm) composites are clearly increased by higher particle loading. On one hand, 

these remarkable improvements in tensile properties of TPE(PBT-PTMG)/TiO2 (300 

nm) composites should be attributed to strong interfacial interactions between 

TPE(PBT-PTMG) matrix and TiO2 particles due to formation of “chemical bonds”. On 

the other hand, the high dispersion quality of TiO2 (300 nm) particles also plays an 

important role in improving the mechanical properties of TPE(PBT-PTMG)/TiO2 (300 

nm) composites. 

4.5.2.4 Weathering behaviour of TPE(PBT-PTMG)/TiO2 (300 nm) composites 

Figure 4.5.21 shows the samples of neat TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (300 nm, 3.8 Vol.-%) composite after exposure in air for 30 

days. It is evident that the TPE(PBT-PTMG)/TiO2 (300 nm) composite shows no 

photodegradation cracks in the samples. Compared to TPE(PBT-PTMG)/TiO2 (21 nm) 

composites which show strong photodegradation in air, the TPE(PBT-PTMG)/TiO2 

(300 nm) composites exhibit increased weathering resistance due to surface 

treatment of TiO2 (300 nm) particles.  
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Figure 4.5.21: Neat TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (300 nm, 3.8 Vol.-%) 

composite samples for weathering assessment. 
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4.5.2.5 Conclusion 

TiO2 (300 nm) was surface pre-treated with Al2O3 and SiO2 before supplying. Two 

TPE(PBT-PTMG)/TiO2 (300 nm) composites containing 2.6- and 3.8 Vol.-% of TiO2 

(300 nm) particles were produced by direct melt blending in a twin-screw extruder. 

The thermal and mechanical properties of produced composites were characterized 

and discussed. The SEM and µCT micrographs show that the TiO2 (300 nm) particles 

are very homogenously dispersed in TPE(PBT-PTMG) matrix as primary ones. The 

TGA result shows that the TPE(PBT-PTMG)/TiO2 (300 nm) composites exhibit only 

slightly increased thermal stability compared to neat TPE(PBT-PTMG). However, the 

incorporation of TiO2 (300 nm) particles into TPE(PBT-PTMG) significantly improves 

the storage modulus of both composites with improvements by 10.5% and 15.7%, 

respectively. In addition, the tensile properties of TPE(PBT-PTMG)/TiO2 (300 nm) 

composites are remarkably increased after loading with TiO2 (300 nm) particles. The 

improvements in tensile modulus of both composites are by 89% and 103%, 

respectively. Higher particle loading leads to higher storage moduli, tensile moduli and 

tensile stress of TPE(PBT-PTMG)/TiO2 (300 nm) composites at the same time. 

According to DSC analysis, the crystallinity of PBT segments in composites is 

decreased but the crystalline temperature Tc (PBT) is increased due to nucleation 

effect of TiO2 (300 nm) particles. Furthermore, the TPE(PBT-PTMG)/TiO2 (300 nm) 

composites do not show photodegradation behaviour due to surface treatment of TiO2 

(300 nm) particles.  
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4.5.3 TPE(PBT-PTMG)/TiO2 (15 nm) composites 

According to supplier’s information, the TiO2 (15 nm, Hombitec RM 300) particles are 

hydrophilic and surface-modified with Al2O3 and polyalcohol so that the nanoparticles 

should be well dispersed in polymer matrix. Three TPE(PBT-PTMG)/TiO2 (15 nm) 

composites with different particle contents were produced via masterbatch method. 

The dispersion quality of TiO2 (15 nm) particles in TPE(PBT-PTMG) and the 

properties of produced composites were investigated and discussed. 

4.5.3.1 Dispersion of TiO2 (15 nm) nanoparticles in TPE(PBT-PTMG) matrix 

The dispersion quality of TiO2 (15 nm) particles in TPE(PBT-PTMG) were examined 

by using SEM. Figure 4.5.22 shows the SEM pictures of TiO2 (15 nm) particle-filled 

TPE(PBT-PTMG) composite containing 2.6 Vol.-% of particles.  

 

 

Figure 4.5.22: SEM images of TPE(PBT-PTMG)/TiO2 (15 nm, 2.6 Vol.-%) composite. 

The arrows indicate large particle agglomerates in micro size up to 30 µm.   

 

Unlike TiO2 (21 nm) nanoparticles which show also hydrophilic surface nature and 
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comparable primary particle size but result in a very high degree of agglomeration, the 

TiO2 (15 nm) nanoparticles are very homogenously dispersed in TPE(PBT-PTMG) 

within nano scale range as shown in SEM micrograph. Only a few large agglomerates 

are observed in TPE(PBT-PTMG)/TiO2 (15 nm) composites. In analogy to TiO2 (300 

nm) particles, this homogenous dispersion of TiO2 (15 nm) particles should be 

attributed to the surface modification before compounding process. Figure 4.5.23 

shows SEM micrographs of TPE(PBT-PTMG)/TiO2 (15 nm) composites containing 

3.8- and 4.9 Vol.-% of nanoparticles. Combined with Figure 4.5.22, it is evident that 

the number of large agglomerates increases with increasing particle content. 

According to SEM examination, the adhesion between TPE(PBT-PTMG) matrix and 

TiO2 (15 nm) nanoparticles is very good. 

    

 
Figure 4.5.23: Increasing particle agglomeration with increasing particle content in 

TPE(PBT-PTMG)/TiO2 (15 nm) composites. The white circles in pictures show large 

particle agglomerates.   
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4.5.3.2 Thermal properties of TPE(PBT-PTMG)/TiO2 (15 nm) composites 

TGA results 

The thermal stability of TPE(PBT-PTMG)/TiO2 (15 nm) composites was examined by 

using TGA. Figure 4.5.24 shows the weight loss curves of neat TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (15 nm) composites. The degradation temperature and the 

temperatures at 20- and 50 wt% weight loss of all samples are summarized in Table 

4.17.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5.24: TGA results of TPE(PBT-PTMG)/TiO2 (15 nm) composites.  

 

It can be seen that the thermal stability of TPE(PBT-PTMG)/TiO2 (15 nm) composites 

is not significantly increased compared to neat TPE(PBT-PTMG), because the onset 

decomposition temperatures of composites are comparable to that one of neat matrix. 

In addition, increasing particle content in TPE(PBT-PTMG) composites does not lead 

to significant increasing thermal stability. This result is in analogy to the TGA result of 

TPE(PBT-PTMG)/TiO2 (300 nm) composites.  
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Table 4.17: TGA results of neat TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (15 nm) 

composites 

 

 

DSC results 

The thermal and crystalline behaviour of TPE(PBT-PTMG)/TiO2 (15 nm) composites 

were characterized by using DSC analysis. The melting and crystalline curves of all 

samples are shown in Figure 4.5.25. The data obtained are listed in Table 4.18.  

 

Figure 4.5.25: DSC results of TPE(PBT-PTMG)/TiO2 (15 nm) composites: (left) 

melting process, and (right) crystalline process.  

 

 

Samples Tonset [°C] T20% [°C] T50% [°C] 

neat TPE(PBT-PTMG)  395.8 400.9 417.6 

R1 (4.9 Vol.-%) 396.8 402.2 416.9 

R2 (3.8 Vol.-%) 396.1 402.3 417.3 

R3 (2.6 Vol.-%) 396.2 400.8 416.7 
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Table 4.18: DSC results of neat TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (15 nm)  

composites 

 

 

It can be seen that the glass transition temperature of PTMG segments in 

TPE(PBT-PTMG)/TiO2 (15 nm) composites obviously increases after addition of TiO2 

(15 nm) nanoparticles. The maximum improvement of Tg (PTMG) is by 2.9 °C at 3.8 

Vol.-% of nanoparticles. However, the glass transition temperature of PBT segments 

in composites is decreased up to 2.2°C at 3.8 Vol.-% of nanoparticles. The melting 

temperatures of PTMG and PBT segments in TPE(PBT-PTMG)/TiO2 (15 nm) 

composites show a similar tendency as in TPE(PBT-PTMG)/TiO2 (21 nm) and 

TPE(PBT-PTMG)/TiO2 (300 nm) composites, i.e. with increasing particle content Tm 

(PTMG) decreases from 106.4 °C to 84.8 °C whereas Tm (PBT) increases from 176.8 

°C to 179.0 °C. Furthermore, the crystalline temperature Tc (PBT) in composites 

increases obviously compared to neat TPE(PBT-PTMG) indicating a nucleation effect 

of TiO2 (15 nm) nanoparticles. In addition, the degree of crystallinity of PBT segments 

in TPE(PBT-PTMG)/TiO2 (15 nm) composites decreases with increasing particle 

content indicated by decreasing crystalline enthalpy as shown in Table 4.18.    

 

 

Samples 
Tg (PTMG) 

[°C] 

Tg (PBT) 

[°C] 

Tm (PTMG) 

[°C] 

Tm (PBT) 

[°C] 

Tc (PBT) 

[°C] 

ΔH (PBT)  

[J/g] 

neat 
TPE(PBT-PTMG) -57.2 52.0 86.5 174.6 132.0 23.2 

R1 (4.9 V%) -55.3 50.1 84.8 179.0 137.6 18.5 

R2 (3.8 V%) -54.3 49.8 92.9 177.6 136.5 20.0 

R3 (2.6 V%) -55.4 49.9 106.4 176.8 138.0 21.7 
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DMTA results 

The dynamic-mechanical thermal properties of TPE(PBT-PTMG)/TiO2 (15 nm) 

composites were determined by using DMTA. The curves of storage modulus and loss 

factor tanδ as a function of temperature are shown in Figure 4.5.26. The respective 

values of storage modulus and the glass transition temperature of all samples are 

given in Table 4.19. 

 

 

 

 

 

 

 

 

 

Figure 4.5.26: Storage modulus and loss factor as a function of temperature for neat 

TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (15 nm) composites. 

 

Table 4.19: DMTA results of neat TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (15 

nm) composites 

Samples E’ at 23°C [MPa] Improvement in E’ [%] Tg (PTMG) 

TPE(PBT-PTMG) 72.7 -- -45.5 

R3 (2.6 Vol.-%) 80.2 10.3% -45.1 

R2 (3.8 Vol.-%) 81.8 12.5% -42.2 

R1 (4.9 Vol.-%) 85.5 17.6% -41.3 
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It is evident that all TPE(PBT-PTMG)/TiO2 (15 nm) composites exhibit higher storage 

modulus in the whole temperature range than neat TPE(PBT-PTMG). The storage 

modulus of composites increases with increasing nanoparticle content. At 23 °C, the 

improvements in storage modulus are by 10.3% for R3, 12.5% for R2, and 17.6% for 

R1 composite as listed in Table 4.19. The tanδ curves of all samples show a clear 

glass transition zone of PTMG segments. The glass transition peak shifts clearly to 

higher temperatures after nanoparticle loading. The maximum improvement in Tg 

(PTMG) is by 4.2 °C at 4.9 Vol.-% of nanoparticles. The glass transition zone of PBT 

segments is not evident in the loss factor curves for all composites as well as neat 

TPE(PBT-PTMG).             

 

4.5.3.3 Mechanical properties of TPE(PBT-PTMG)/TiO2 (15 nm) composites 

Tensile Results 

The tensile properties of TPE(PBT-PTMG)/TiO2 (15 nm) composites were performed. 

Figure 4.5.27 shows the stress-strain curves of neat TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (15 nm) composites. Similar to TPE(PBT-PTMG)/TiO2 (21 nm) 

and TPE(PBT-PTMG)/TiO2 (300 nm) composites, the TPE(PBT-PTMG)/TiO2 (15 nm) 

composites keep ductile and are reinforced after incorporation of TiO2 (15 nm) 

nanoparticles.  
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Figure 4.5.27: Stress-strain curves of TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 

(15 nm) composites. 

 

The tensile moduli of all TPE(PBT-PTMG)/TiO2 (15 nm) composites are remarkably 

improved compared to neat TPE(PBT-PTMG) as shown in Figure 4.5.28a. The 

respective improvements in tensile moduli are by 102% for R1 (4.9 Vol.-%), 96% for 

R2 (3.8 Vol.-%) and 90% for R3 (2.6 Vol.-%) composite. The improvements in tensile 

stress of TPE(PBT-PTMG)/TiO2 (15 nm) composites are also significant. At 100% 

tensile strain, the improvements in tensile stress for R1, R2, and R3 are by 8%, 5%, 

and 1%, respectively. At 200% tensile strain, the improvements in tensile stress are 

achieved by 16%, 15%, and 11% for R1, R2, and R3 composites as shown in Figure 

4.5.28b. In summary, increasing particle content leads to clearly increased tensile 

modulus and stress.  
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Figure 4.5.28: Tensile properties of TPE(PBT-PTMG)/TiO2 (15 nm) composites: (a) 

tensile modulus as a function of TiO2 (15 nm) particle content, and (b) tensile stress as 

a function of tensile strain. 

 

4.5.3.4 Weathering of TPE(PBT-PTMG)/TiO2 (15 nm) composites 

Figure 4.5.29 shows the samples of neat TPE(PBT-PTMG) and 

TPE(PBT-PTMG)/TiO2 (15 nm, 3.8 Vol.-%) composite after exposure in air for 30 days. 

It is evident that the TPE(PBT-PTMG)/TiO2 (15 nm) composite shows no 

photodegradation cracks in the samples like TPE(PBT-PTMG)/TiO2 (300 nm) 

composites. Compared to TPE(PBT-PTMG)/TiO2 (21 nm) composites which show 
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strong photodegradation in air, the TPE(PBT-PTMG)/TiO2 (15 nm) composites exhibit 

increased weathering resistance due to surface treatment of TiO2 (15 nm) particles. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.29: Neat TPE(PBT-PTMG) and TPE(PBT-PTMG)/TiO2 (15 nm, 3.8 Vol.-%) 

composite samples for weathering assessment.  

 

4.5.3.5 Conclusion 

TiO2 (15 nm) was surface pre-treated with Al2O3 and polyalcohol before supplying. 

TPE(PBT-PTMG)/TiO2 (15 nm) composites containing 2.6-, 3.8-, and 4.9 Vol.-% of 

TiO2 (15 nm) nanoparticles were prepared and characterized. The SEM examination 

shows that the TiO2 (15 nm) nanoparticles are very homogenously dispersed in 

TPE(PBT-PTMG) matrix within nano scale range. The thermal stability of 

TPE(PBT-PTMG)/TiO2 (15 nm) nanocomposites is slightly increased compared to 

neat TPE(PBT-PTMG) matrix. According to DSC and DMTA results, the crystallinity of 

PBT segments in the composites is decreased, and the glass transition temperature 
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of PTMG segments in TPE(PBT-PTMG)/TiO2 (15 nm) composites is increased. 

Additionally, the storage modulus of composites is significantly improved. The 

maximum improvement is by 17.6% at 4.9 Vol.-% of nanoparticles. The tensile 

modulus and tensile stress of TPE(PBT-PTMG)/TiO2 (15 nm) composites are 

remarkably improved in comparison with neat TPE(PBT-PTMG). Increasing particle 

content leads to clearly increasing tensile properties. The maximum improvements in 

tensile modulus and stress at 200% strain are achieved at 4.9 Vol.-% of particles by 

102% and 16%, respectively. The TPE(PBT-PTMG)/TiO2 (15 nm) composites show 

no photodegradation behaviour after 30 days exposure in air due to surface treatment 

of TiO2 (15 nm) nanoparticles. In summary, the well dispersed TiO2 (15 nm) 

nanoparticles show significant stiffening and reinforcing effects in TPE(PBT-PTMG) 

matrix. 
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4.6 Influence of different TiO2 particles on TPE(PBT-PTMG)/TiO2 composite 

properties 

Depending on the type of polymer matrix, different types of particle fillers can result in 

different effects on the properties of polymer/filler composites. For example, Englert 

[147] has studied the influence of different inorganic particles on the mechanical 

properties of epoxy resin. The particles he used are as follows: TiO2 (Aeroxide P25, 

21 nm), TiO2 (Hombitec RM 300, 15 nm), Al2O3 (Aeroxide Alu C, 13 nm) and ZrO2 (VP 

Zirkonoxid PH, < 30 nm). He found that the epoxy resin composites containing 

different particle types show comparable tensile modulus, tensile stress, scratch 

resistance and hardness despite different surface pre-treatments, different sizes and 

chemical structures of used nanoparticles, i.e. the influence of different nanoparticles 

on the mechanical properties of epoxy resin is not significant.   

In order to investigate the influence of different TiO2 particles on the thermal and 

mechanical properties of TPE (PBT-PTMG), three types of TiO2 particles were used 

as fillers in this study as shown in Table 2: unmodified TiO2 (Aeroxide P25, 21 nm), 

surface modified TiO2 (Kronos 2310, 300 nm) and TiO2 (Hombitec RM 300, 15 nm). All 

three types of particles are hydrophilic and can build up chemical interactions with 

TPE(PBT-PTMG) matrix as introduced in chapter 1.2.3. All TPE(PBT-PTMG)/TiO2 

composites were produced by direct melt blending via masterbatch technique with the 

same parameters. The influence of different TiO2 particles on thermal and mechanical 

properties of TPE(PBT-PTMG)/TiO2 composites was studied and discussed in this 

chapter. 
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Table 3.2: Important characteristics of different TiO2 particles used for 

TPE(PBT-PTMG) 

Particle type TiO2 (21 nm) TiO2 (15 nm) TiO2 (300 nm) 

TiO2 content [wt%] 99.5 87 92.5 

Crystal structure rutile rutile Rutile 

Primary particle size 21 nm 15 nm 300 nm 

Density [g/cm3] 3.8 1.47 4.0 

Specific surface area [m2/g] 50 70 17 

Surface treatment no 
Al2O3, 

polyalcohol 

Al2O3, 

SiO2 

Surface nature hydrophilic hydrophilic Hydrophilic 

 

4.6.1 Influence of surface pre-treatment on particle dispersion quality in 

TPE(PBT-PTMG) 

As shown in Figure 3.2 and Figure 3.3, all three TiO2 particles result in agglomeration 

in powder form before compounding into TPE(PBT-PTMG) due to interactions among 

particles. It is expected that the agglomerates of TiO2 particles could be broken down 

by shear forces during compounding process. After compounding process, TiO2 (300 

nm) and TiO2 (15 nm) particles show very homogenous dispersion besides only a few 

agglomerates in TPE(PBT-PTMG) as shown in Figure 4.5.14, 4.5.15 and 4.5.22. By 

contrast, TiO2 (21 nm) particles result in a high degree of agglomeration as shown in 

Figure 4.5.1 and Figure 4.5.2, indicating that the shear forces during compounding 

process were not effective enough for this type of particles. From different dispersion 

quality of different TiO2 particle types, the surface pre-treatments show a significant 

influence on the dispersibility of TiO2 particles.   
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4.6.2 Influence of different TiO2 particles on thermal properties of 

TPE(PBT-PTMG)/TiO2 composites 

According to the thermal data of TPE(PBT-PTMG)/TiO2 composites obtained in this 

study, the influence of respective TiO2 particles on thermal properties of 

TPE(PBT-PTMG) can be evaluated. The thermal degradation temperature Tonset, the 

storage modulus E’, the glass transition temperature of PTMG segments Tg (PTMG) 

and the crystalline enthalpy of PBT segments ΔH (PBT) of TPE(PBT-PTMG)/TiO2 

composites containing 2.6 Vol.-% of respective TiO2 particles are summarized in Table 

4.20. 

 

Table 4.20: Thermal properties of respective TPE(PBT-PTMG)/TiO2 composites with 

2.6 Vol.-% of particles 

Samples Tonset [°C] 

(TGA) 

E’ [MPa] 

(DMTA) 

Tg (PTMG) [°C] 

(DMTA) 

ΔH [J/g] 

(DSC) 

TPE(PBT-PTMG) 395.8 72.7 -45.5 23.2 

TPE(PBT-PTMG)/TiO2 

(21 nm) 398.7 83.5 -44.5 19.7 

TPE(PBT-PTMG)/TiO2 

(300 nm) 396.5 80.3 -42.4 17.1 

TPE(PBT-PTMG)/TiO2 

(15 nm) 396.2 80.2 -45.1 21.7 

  

It is evident that the incorporation of different TiO2 particles into TPE(PBT-PTMG) has 

differently affected the thermal stability of TPE(PBT-PTMG)/TiO2 composites. The 

TPE(PBT-PTMG)/TiO2 (21 nm, 2.6 Vol.-%) composite shows the highest degradation 

temperature and storage modulus among three composites, whereas the 

TPE(PBT-PTMG)/TiO2 (300 nm, 2.6 Vol.-%) and TPE(PBT-PTMG)/TiO2 (15 nm, 2.6 



4 Results and Discussion                                                                       - 174 - 

Vol.-5) composites show comparable Tonset and E’ values to each other despite large 

difference in primary particle sizes. Moreover, all three composites show increased 

glass transition temperature of PTMG segments and decreased crystallinity of PBT 

segments due to chemical interactions between TiO2 particles and TPE(PBT-PTMG) 

matrix compared to neat TPE(PBT-PTMG), in which TPE(PBT-PTMG)/TiO2 (300 nm, 

2.6 Vol.-%) composite shows the highest Tg (PTMG) and the lowest crystallinity of 

PBT segments. Based on Sumita’s [106] model 
e

cc

E
E

W
W




1
1

''
0

''

0

, the effective 

volume fraction e  of respective TiO2 particles can be calculated according to DMTA 

results as given in Table 4.21. It can be seen that the calculated effective volume 

fractions of TiO2 (300 nm) and TiO2 (15 nm) particles are much larger than that one of 

TiO2 (21 nm) particles at 2.6 Vol.-% due to much better particle dispersion quality in 

matrix.   

 

Table 4.21: Effective volume fraction e  of respective TiO2 particles in 

TPE(PBT-PTMG)/TiO2 composites based on DMTA result 

 

Particle type in 

TPE(PBT-PTMG)/TiO2 composite 
6.2f  

 [Vol.-%] 
 8.3f  
 [Vol.-%] 

TiO2 (21 nm) 0.102 ------ 

TiO2 (300 nm) 0.146 0.195 

TiO2 (15 nm) 0.169 0.198 
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4.6.3 Influence of different TiO2 particles on tensile properties of 

TPE(PBT-PTMG)/TiO2 composites   

Figure 4.6.1 shows the tensile modulus and strength of TPE(PBT-PTMG)/TiO2 (21 nm) 

and TPE(PBT-PTMG)/TiO2 (15 nm) composites containing 2.6 Vol.-% of TiO2 particles. 

It is noted that both TiO2 nanoparticles have comparable primary particle sizes but 

show very different dispersion quality according to SEM examination. 

From Figure 4.6.1, it is evident that the Al2O3-modified TiO2 (15 nm) nanoparticles 

show much higher stiffening and strengthening effects in TPE(PBT-PTMG) than 

unmodified TiO2 (21 nm) particles due to a higher effective volume fraction calculated 

above (0.169 Vol.-% vs. 0.102 Vol.-%). The higher effective volume fraction of TiO2 

(15 nm) particles can be attributed to a much better dispersion quality of these 

particles. This result indicates that the dispersibility of a particle type plays an 

important role in effective volume fraction and subsequently in stiffening and 

reinforcing effects for a polymer matrix. 

 

 

 

 

 

 

 

 

Figure 4.6.1: Comparison of tensile modulus and tensile stress between 

TPE(PBT-PTMG)/TiO2 (21 nm) and TPE(PBT-PTMG)/TiO2 (15 nm) composites 

containing 2.6 Vol.-% of respective TiO2 particles. 
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In another case, both TiO2 (300 nm) and TiO2 (15 nm) particles are mainly with Al2O3 

pre-treated. Both types of particles show very good dispersion quality in 

TPE(PBT-PTMG) matrix due to surface modification, but they exhibit very different 

primary particle sizes (300 nm vs. 15 nm). In order to investigate the influence of 

particle size on tensile properties of TPE(PBT-PTMG)/TiO2 composites, the tensile 

results of TPE(PBT-PTMG)/TiO2 (300 nm) and TPE(PBT-PTMG)/TiO2 (15 nm) 

composites containing 2.6- and 3.8 Vol.-% of TiO2-particles are summarized in Figure 

4.6.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.6.2: Comparison of tensile modulus and tensile stress between 

TPE(PBT-PTMG)/TiO2 (300 nm) and TPE(PBT-PTMG)/TiO2 (15 nm) composites 

containing 2.6- and 3.8 Vol.-% of TiO2-particles. 
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At 2.6 Vol.-% of TiO2-particles, both composites show comparable tensile moduli. No 

clear relationship between particle size and tensile modulus can be drawn because 

both particles reveal different effective volume fractions (0.146 vs. 0.169). However, at 

3.8 Vol.-% of TiO2-particles at which both types of TiO2 reveal comparable effective 

volume fractions (0.195 vs. 0.198), the TPE(PBT-PTMG)/TiO2 (300 nm) composite 

shows clearly a higher tensile modulus than the TPE(PBT-PTMG)/TiO2 (15 nm) 

composite with an improvement by 7%. This indicates that larger particles show 

higher stiffening effect than smaller particles at similar effective particle loading. 

In terms of tensile stress, both TPE(PBT-PTMG)/TiO2 (300 nm) and 

TPE(PBT-PTMG)/TiO2 (15 nm) composites exhibit comparable values to each other at 

the same particle loading. This indicates that both TiO2 particles result in comparable 

strengthening effect in TPE(PBT-PTMG) matrix independent on particle sizes as long 

as both particles are well dispersed. Another explanation is that the interfacial 

interactions between matrix and both types of particles are similar to each other due to 

their surface treatment with Al2O3. 

4.6.4 Influence of different TiO2 particles on weathering behaviour of 

TPE(PBT-PTMG)/TiO2 composites 

Figure 4.6.3 shows the TPE(PBT-PTMG)/TiO2 composites with 2.6 Vol.-% of 

respective TiO2 particles. It is evident that the TPE(PBT-PTMG)/TiO2 (21 nm) 

composite shows clear photodegradation cracks after 30 days exposure in air. 

Conversely, no evident weathering is observed in TPE(PBT-PTMG)/TiO2 (300 nm) 

and TPE(PBT-PTMG)/TiO2 (15 nm) composites under the same conditions. This can 

be attributed to the surface pre-treatment with Al2O3 of TiO2 (300 nm) and TiO2 (15 nm) 

particles. The surface pre-treatment effectively suppressed the photoactive reaction of 

TiO2 particles, leading to increased weathering resistance of respective 
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TPE(PBT-PTMG)/TiO2 composites.   

 

 

 

  

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.6.3: TPE(PBT-PTMG)/TiO2 (2.6 Vol.-%) composites containing different TiO2 

particles show different weathering behaviour in air. 
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5 Summary and Outlook 

In this study, a broad range of nanoparticle-filled polymer composites was 

investigated. The polymer composites were produced by direct melt blending in a 

twin-screw extruder via masterbatch method and then injection moulded. The 

morphological, thermal and mechanical properties of produced polymer 

composites were characterized and discussed. The main objective of this study 

was to examine the influences of particle loading, particle surface polarity, particle 

content and particle size as well as the chemical nature of used particles on the 

properties of polymer composites. According to the results obtained, the following 

conclusions can be drawn: 

 The incorporation of octamethylcyclotetrasiloxane-modified SiO2 (D4-SiO2) 

nanoparticles into PC significantly improves overall the thermal and mechanical 

properties of PC/SiO2 composites, especially the resistance against ESC in 

critical chemical agent toluene. The PC composite with 4 Vol.-% of D4-SiO2 

nanoparticles reveals the best results among produced PC composites. Although 

the light transmittance and haze of PC/D4-SiO2 composites are deteriorated with 

increasing particle content, the clarity of PC composites still maintain at high level 

as that one of neat PC. 

 The surface-modified SiO2 and TiO2 nanoparticles are well dispersed in iPP 

matrix due to increased surface hydrophobicity, which increases the dispersability 

and compatibility of respective nanoparticles in iPP matrix. By contrast, the 



5 Summary and Outlook                                                                   - 180 - 

unmodified SiO2 and TiO2 nanoparticles with OH-groups on particle surface result 

in a high degree of agglomeration due to formation of hydrogen bonds among 

nanoparticles themselves. Among produced iPP/SiO2 composites, the 

3C1-iPP/SiO2 composite shows the best results in dispersion quality of 

nanoparticles, storage modulus, fracture toughness and impact toughness due to 

the highest hydrophobicity of 3C1-SiO2 nanoparticles. Increasing alkyl chain 

length on particle surface improves the interfacial interactions due to increased 

chain entanglement in matrix-particle interphase, proved by increased tensile 

strength of iPP/SiO2 composites with increasing alkyl chain length. Nevertheless, 

the improvements in tensile strength of iPP/SiO2 composites in this study are not 

significant because of the weak Van der Waals interactions. It is confirmed that 

the surface polarity and chemical nature of used nanoparticles have large 

influence on thermal and mechanical properties of iPP composites, for example, 

iPP exhibits much higher crystallinity in iPP/SiO2 composites than in iPP/TiO2 

composites independent of surface modification, whereas iPP/TiO2 composites 

show much higher thermal stability than iPP/SiO2 composites at same particle 

loading.  

 The incorporation of three TiO2 particles with different primary particle sizes 

into TPE(PBT-PTMG) strongly affects the thermal and mechanical properties of 

TPE(PBT-PTMG) matrix due to strong chemical interactions between particles 

and polymer matrix. The TiO2 (21 nm) particles show very poor dispersion quality 

in both iPP and TPE(PBT-PTMG) due to strong Van der Waals interactions 
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among particles (formation of hydrogen bonds). On the contrary, the surface 

pre-treated TiO2 (300 nm) and TiO2 (15 nm) particles are very homogenously 

dispersed in TPE(PBT-PTMG). Correspondingly, the TPE(PBT-PTMG)/TiO2 (21 

nm) composites reveal only slight improvements in tensile properties, whereas 

the TPE(PBT-PTMG)/TiO2 (300 nm) and TPE(PBT-PTMG)/TiO2 (15 nm) 

composites show much higher values of tensile modulus and tensile stress due to 

much better dispersion quality and subsequently larger effective volume fraction 

of particles in the matrix. In addition, larger TiO2 (300 nm) particles with 300 nm 

primary size show higher stiffening effect in TPE(PBT-PTMG) than smaller TiO2 

(15 nm) particles, but both particles show similar strengthening effect in 

TPE(PBT-PTMG) due to similar surface nature and interfacial interactions with 

TPE(PBT-PTMG) matrix. Compared to TPE(PBT-PTMG)/TiO2 (21 nm) 

composites, the TPE(PBT-PTMG)/TiO2 (300 nm) and TPE(PBT-PTMG)/TiO2 (15 

nm) composites show increased weathering resistance due to surface 

pre-treatment of TiO2 particles.     

As already discussed, a big issue in this work is the very poor dispersibility of TiO2 

(21 nm) nanoparticles due to strong interactions among particles. Although the 

polymer composites were three times extruded via a masterbatch method, the 

TiO2 (21 nm) nanoparticles show still a high degree of agglomeration in both iPP 

and TPE(PBT-PTMG) matrices. The presence of large agglomerates indicates 

that the shear forces during extrusion process were not effective enough to break 

them down. As a result, the large agglomerates could be the reason for 
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premature failures in polymer composites under imposed force, leading to 

decreased mechanical properties.  
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