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ABSTRACT 

 

Melt compounding was used to prepare polycarbonate (PC) and poly(methyl methacrylate) 

(PMMA) nanocomposites with different amounts of metal-oxide fillers (silica, zirconia and 

titania). Zirconia and two types of titania were prepared by a sol-gel method, whereas a 

commercial hydrophobic silica having chemically surface bonded methyl groups was used.  

Titania nanoparticles were annealed at 200 and 600 °C to obtain the anatase and rutile phases, 

respectively. The effect of filler amount, in the range 1-5 wt.%, on the morphology, mechanical 

properties and thermal degradation kinetics was investigated by means of transmission electron 

microscopy (TEM), X-ray diffractometry (XRD), small-angle X-ray scattering (SAXS), 

dynamic mechanical analysis (DMA), thermogravimetric analyses (TGA), Fourier-transform 

infrared spectroscopy (FTIR), 13C cross-polarization magic-angle spinning nuclear magnetic 

resonance spectroscopy (13C{1H}CP-MAS NMR) and measures of proton spin-lattice relaxation 

time in the rotating frame (T1ρ(H)), in the laboratory frame (T1(H)) and cross polarization times 

(TCH). 

 

Results showed that the nanoparticles were well dispersed in the polymers whose structure 

remained amorphous, except for zirconia in a PC matrix, which showed the appearance of a 

local lamellar order around the nanoparticles. The silica, titania and zirconia nanopaticles 

increased the thermal stability of the polymers, except for the highest silica and zirconia 

contents in the PC system which showed a decrease. A similar trend in the activation energies of 

thermal degradation was observed. The presence of zirconia and silica showed a decrease in the 

storage and loss moduli at lower temperatures, probably due to a plasticization effect. The two 

types of titania nanoparticles influenced the rigidity of the polymers in different ways because 

of their different carbon contents, particle sizes and crystal structures. NMR results suggested 

that, in the presence of a metal oxide, the observations in the PMMA systems could be related to 

heteronuclear dipolar interactions between the carbonyl carbons and the surrounding hydrogen 

nuclei, and in the PC systems to intermolecular interactions involving the carbonyl groups.  
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Chapter 1 

 

Introduction and literature review 

 

1.1 Introduction 

 

A broad range of elegant polymer materials has been developed for practical applications such as 

challenges in advanced aerospace, mechanical, automotive, bionics and medical technologies [1-

4]. Meanwhile nanotechnology has developed rapidly, permitting manipulation of polymers and 

nanofillers that form the building blocks of desired materials [5-7]. The use of nanofiller 

particles as reinforcement in the polymer composites is an important area of research. Unlike 

larger reinforcement particles, the effects of the smaller particles on composites are 

unpredictable i.e. sometimes enhancing the composite properties [8-10], but other times 

diminishing them [11-15]. The enhancements in properties were mainly observed to be 

motivated by the small size effect, surface chemistry, interaction at the interface, filler loading, 

quantum size effect and macroscopic quantum tunnel effect [16-20].  

  

There is an increased interest in the application of thermoplastics due to their toughness, 

resistance to chemical attack and recyclability [21-25]. It was further found that the addition of 

nanofillers in the thermoplastics give superior impact and damage resistance properties, 

especially at very low filler loadings (1-5%) [26-28]. Thermoplastic polymers used in 

thermoplastic nanocomposites can be divided into two classes: high temperature thermoplastics 

and engineering thermoplastics. The classification is based on the maximum service temperature 

of the polymers, which in turn is based on the glass transition temperature (Tg). Engineering 

thermoplastics are dominating industrial applications due to their outstanding mechanical 

properties such as stiffness, toughness, and low creep that make them valuable in the 

manufacture of structural products like gears, food containers, bearings and electronic devices 

[29-33]. Poly(methyl methacrylate) (PMMA) and polycarbonate (PC) attracted attention due to 

their inexpensiveness and fascinating properties (i.e. optical, mechanical, viscoelastic and 

thermal degradation kinetics). PMMA is mostly applied in medical technologies and implants, 

while PC is applied mostly in electronic components and construction materials [33-36]. 
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Although their properties were found satisfactory in different applications, there were still 

important properties that need to be enhanced in order to extend the applications of these 

engineering polymers. For instance, microbial adhesion onto PMMA has been a long-standing 

drawback. Moreover, PC and PMMA have poor fatigue resistance, poor resistance to solvents, 

low thermal stability and high moisture sorption. In a bid to improve these drawbacks different 

nanofillers incorporated into these matrices were investigated [33-40]. PMMA and PC 

nanocomposites were of interest for improved thermal and mechanical properties, i.e, reduced 

flammability, reduced gas permeability, as well as their good potential to maintain excellent 

optical clarity. Different preparation methods for the nanocomposites have been studied, 

including solution mixing and in situ polymerization [35-40]. 

 

Thermoplastic nanocomposites containing different types (organic and inorganic) and shapes 

(nanofibres, nanotubes, nanowires and nanorods) of nanofillers were prepared for potential 

applications such as solid state lubricants, catalysts and components of magnetic devices. 

Amongst the nanofillers the oxides nanoparicles were mostly used in the preparation of the 

nanocomposites, mainly due to their abundance and inexpensiveness [41-43]. In situ synthesis of 

the particles was found to be the better method to produce small nanoparticles [44,45]. A number 

of methods were used to synthesize oxides nanoparticles including sol-gel, microemulsion and 

solution combustion [44-48].  

 

The gel combustion process, belonging to the solution combustion synthesis, has been 

extensively used for the synthesis of nanoparticles of several metal oxides [45-50]. The sol-gel 

method has also been widely used in preparing materials as nanoparticles, films, and bulk forms 

[44-46]. This method is based on a colloidal solution (sol) that acts as a precursor for an 

integrated network (or gel) of discrete particles. Typical precursors are metal alkoxides and metal 

salts (such as chlorides, nitrates and acetates), which undergo various forms of hydrolysis and 

polycondensation reactions.  
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1.1.1 Oxides nanoparticles 

 

Metal and non-metal oxides are a large and important class of chemical compounds in which 

oxygen was combined with a metal or non-metal. Some metal oxides are used as pigments in the 

painting industry, for cosmetics and for magnetic purposes (e.g. FeO, TiO2). In recent years, the 

application of metal oxides for environmental remediation had become another active field for 

research [51-57]. Aluminum oxide was mostly used for the manufacturing of laboratory 

instrument tubes and sample holders. Zirconia is a multi-use synthetic gem often used as a 

replacement for diamonds and rubies in laser technology. Instead of diamonds, rings, necklaces, 

bracelets and earrings featured cubic zirconia because it is much cheaper than diamonds. Non-

metal oxides also have a number of commercial and industrial uses. Silica and arsenic trioxide 

are famous non-metal oxides due to its commercial usage and medical applications. As 

nanosized particles, oxides can exhibit unique physical and chemical properties due to their small 

size and a high density of corner or edge surface sites. Investigations have shown that these 

properties would likely optimize ultraviolet (UV) absorption and enhance the stiffness, 

toughness, and service life of polymeric materials when the nanoparticles are incorporated into a 

polymer matrix [51-54]. 

 

1.1.2 Properties of nanoparticulated oxides 

 

There are various factors which could affect the performance of particular oxide nanoparticles 

for specific applications. These factors include the chemical composition, physical, electrical, 

mechanical, thermal properties, and the synthesis route [51-54]. Transition-metal oxides are 

mostly used as nanofillers due to their fascinating properties at nanometre scale (magnets, prized 

as materials for electronics) and abundance. The nature of the transition metal or non metal 

oxide, as well as the surface modification, determine the final properties of the nanoparticles 

[55]. Titanium dioxide (TiO2), zirconium dioxide (ZrO2) and silicon dioxide (SiO2) nanoparticles 

are amongst the oxides which attracted a lot of attention due to the ease of synthesis and their 

abundance. 
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1.1.2.1 Titanium dioxide   

 

Titanium dioxide (titanium(IV)oxide or titania), chemical formula TiO2, is a naturally occurring 

oxide of titanium covalently bonded to oxygen. It occurs in nature as polymorphs - rutile, anatase 

and brookite - mostly used industrially in catalysis, white pigments and photovoltaic based 

applications. The most common form is the rutile phase, which is also the equilibrium phase at 

all temperatures. [18-20,56,57]. 

 

In bulk titania the rutile phase is the thermodynamic stable phase. However, at sizes close to 15 

nm (and below) the surface free energy and stress contributions stabilize the anatase phase. 

Around 35 nm the rutile phase seems to be more stable, despite the fact that brookite has free 

energy values close to that of rutile [57,56,18]. From a first principles analysis of surface energy, 

it was suggested that the average surface energy of an anatase crystal may be lower than that of a 

rutile crystal [20]. However, the principle contradicted experimental measurements of the surface 

stress contribution for a similar particle size where a larger value for the anatase phase was found 

[58]. In these nano-TiO2 materials, surface energy was related to the presence of under-

coordinated Ti cations; the surfaces with four-fold-coordinated centers having larger energy than 

those with five-fold coordination, and the surface energy approximately increases with the 

number of under-coordinated positions. 

 

It is well known that the metastable anatase and brookite phases both convert to rutile upon 

heating. In addition, studies indicated that a smaller average primary particle size decreased the 

onset and the rate of the phase transformation (adjusting thermal stability), thus displaying a 

broader range of coexistence between anatase and rutile with decreasing particle size. These 

advantages of TiO2 nanostructured materials provoked the current technological application of 

the material in electronics for higher temperature use [59].  

 

1.1.2.2 Zirconium dioxide  

 

Zirconium dioxide (ZrO2), or zirconia, is a crystalline oxide of zirconium. It is commonly found 

as a stable mineral with a monoclinic crystalline structure called baddeleyite. The high 
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temperature cubic crystalline form is rarely found in nature as the mineral tazheranite 

(Zr,Ti,Ca)O2), or cubic zirconia. The monoclinic structure transforms to unquenchable tetragonal 

and cubic (fluorite) structures at approximately 1400 and 2700 K (up to the melting point of ca. 

2950 K) [61-62].  

 

A decrease in the size of pure zirconia to less than 30 nm was found to significantly stabilize the 

tetragonal phase. The characteristics of the tetragonal-monoclinic transition in the nanoparticles 

were affected by a number of intrinsic or extrinsic factors like the particle size, the pressure, 

potential mismatch between local and long range order, or the presence of phase stabilizers either 

in the bulk (dopants) or at the surface. It was further established that the tetragonal-monoclinic 

transformation in nanosized pure zirconia was favoured when increasing the particle size or 

decreasing the pressure [17,63,64]. Particles smaller than 100 nm showed an increase in the band 

gap energy, except for particles smaller than approximately 10 nm. This observation was 

attributed to quantum confinement effects. The deviation for the very small particles was 

attributed to a crystallinity transition. However, surface modification of the nanocrystalline metal 

oxide particles with enediol ligands was found to be another approach for the modification of the 

optical and electrical properties, resulting in red shifts of the optical absorption with respect to 

the unmodified nanocrystallite [65].  

 

1.1.2.3 Silicon dioxide  

 

Silicon dioxide (silica) is an oxide of silicon with the chemical formula SiO2. It is known for its 

hardness and three crystalline forms (quartz, tridymite and cristobalite). Often it would occur as a 

non-crystalline oxidation product. Silica is one of the most abundant oxide materials in the 

earth’s crust and occurs commonly in nature as sandstone, silica sand quartzite. This precursor of 

silicate glasses and ceramics can exist in an amorphous form (vitreous silica) or in a variety of 

crystalline forms [66,67]. 

   

Silica generally has good abrasion resistance, electrical insulation and good thermal stability. It 

had been found that adsorption of water enhances the surface electrical conductivity of silica 

[68]. It is insoluble in all acids with the exception of hydrogen fluoride (HF). A fused silica is 
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mainly used where good dielectric and insulating properties are required, though it may also be 

used as refractory materials or investment casting. Quartz is an insulator with band gaps in 

excess of 6 eV commonly used as substrates for supported catalysts. Upon heating the quartz to 

higher temperatures, its thermal expansion decreases and it will transform to tridymite and 

crystobalite [69]. 

 

The electrical and optical properties of silica are strongly dependent on size, especially when 

formed into nanotubes, nanowires and nanoparticles due to their quantum confinement effect. 

Their different applications are also shape dependent. Silica nanotubes are ideal for application 

in the biological separation of estrone via a molecular imprinting technique, because they are 

easy to make, have a cross-linked structure, and are very suitable for the formation of a delicate 

recognition site. Recently, sub wavelength-diameter silica nanowires have been demonstrated for 

guiding light within the visible and near infrared spectral ranges. The large surface areas of the 

nanoparticles have the ability to affect a large volume fraction of a matrix polymer [70-72]. 

 

1.1.3 Synthesis of the oxide nanoparticles 

 

An essential area of research in nanotechnology is the manufacturing of nanoparticles of 

different chemical compositions, sizes, shapes and performance for the different desired 

applications. Many preparation methods of oxide nanoparticles have been developed, including 

physical methods (mechanical milling; pulsed electrodeposition, gas-to-particle routes, inert gas 

condensation, flame pyrolysis and chemical vapor synthesis), as well as wet chemical techniques 

(sol-gel, micro-emulsions, co-precipitation and solution combustion). However, there is no 

general strategy to make nanoparticles with narrow size distributions, tailored properties, and 

desired morphologies, which could be universally applied to different materials [44-47]. 

 

In many investigations chemical methods were preferred over physical methods due to expensive 

equipment, sample contamination and safety reasons. In a sol-gel process metal oxides are 

prepared via hydrolysis of precursors, usually alkoxides in alcoholic solutions, resulting in the 

corresponding oxo-hydroxide. Condensation of molecules leads to the formation of a network of 

the metal hydroxide. Hydroxyl-species undergo polymerization by condensation and form a 
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dense porous gel. Appropriate drying and calcination lead to ultrafine porous oxides. In a study 

where SiO2 and TiO2 were prepared by the hydrolysis and condensation of TEOS (tetraethyl 

orthosilicate) and TEOT (tetraethyl orthotitanate) it was shown that the properties of the 

nanoparticles could be controlled by varying the ratio of water to ethanol and the reaction time 

[73-75]. The microemulsion technique is based on the formation of micro/nano-reaction vessels 

under a ternary mixture containing water, a surfactant and oil, which are isotropic liquid media 

with nano-sized water droplets dispersed in an oil phase. An inorganic phase (metal oxide 

precursor) is then dispersed in the mixture. The surfactant molecule stabilizes the water droplets 

because they have polar head groups and non-polar organic tails. The organic portion faces 

towards the oil phase and polar group towards the water. These micro-water droplets then form 

nano-reactors for the formation of nanoparticles [76,77]. In the co-precipitation method a salt 

precursor (chloride, nitrate, etc.) was dissolved in water (or another solvent) to precipitate the 

oxo-hydroxide form with the help of a base. In this technique it is difficult to control the size and 

chemical homogeneity of mixed-metal oxides [78,79]. 

 

Among these techniques, the sol-gel combustion process is the best method to prepare highly 

crystalline and ultrafine particles characterized by large specific surface areas. The process 

developed at the beginning of the nineties is a combination of the combustion process and the 

chemical gelation process and used the heat energy released by the redox exothermic reaction 

between a fuel (i.e. citric acid, urea, glycine or glycol) and an oxidizer (i.e. nitrates) at a 

relatively low igniting temperature to give a nanostructured powder. The powder usually slightly 

bonds into soft and very porous agglomerates which could be easily ground by a mortar and 

pestle. The process is not only safe but also time and energy saving exploiting the advantages of 

inexpensive precursors, mixing of compositions at the level of atoms or molecules, and 

synthesizing of ultrafine, highly homogeneous powder. This method has been used successfully 

for the synthesis of several oxide nanoparticles such as CeO2, SnO2, Fe2O3, NiO and TiO2 [80-

82]. However, only few studies have shown interest in investigating the method for the 

preparation of titania for incorporation in a polymer matrix [83-85].  
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1.2 Engineering thermoplastics 

 

1.2.1 Poly(methyl methacrylate) 

 

Poly(methyl methacrylate) or poly(methyl-2-methylpropanoate) is a transparent, odourless, 

tasteless, and nontoxic thermoplastic exhibiting excellent mechanical strength, high Young's 

modulus, corrosion resistant properties and good dimensional stability and hardness. It can be 

used in many fields, such as in aircraft glazing, signs, lighting, dentures, food-handling 

equipment, and contact lenses. Unfortunately, its low conductivity (less than 10 -14 S cm-1), poor 

flame retardancy, thermal stability and abrasion resistance, and low elongation at break limit its 

applications in some fields [21-23]. A possible method to improve the performance is 

compounding the polymer with special nanofillers. It was shown that the mechanical, 

viscoelastic, thermal, abrasion and hardness properties of the PMMA matrix were influenced by 

the presence, quantity and dispersion of nanofillers, and interactions at the interface [8,28,24,86]. 

 

The thermal degradation of PMMA is an important property that may be influenced by the 

presence of nanofiller. PMMA degrades through two possible mechanisms, depending on the 

number of weak links emanating from the preparation [29,30]. A literature survey indicated that 

if there is a large number of weak links, TGA would show multiple steps related to the formation 

of a random distribution of products. The first step was related to the initial scission of PMMA, 

which includes homolytic scission of the methoxycarbonyl side groups (−COOCH3). The second 

step was related to the  random scission of C−C bonds in the main-chain. However, other authors 

claimed that the mechanism changes if there is a negligible number of weak links in the PMMA 

chains. In this case, TGA shows a single step which is associated with the release of the 

monomer. They found that, though the propagation of radicals to form MMA dominates over 

random chain scission in the backbone, the scission dominates at relatively high temperatures 

[29-31]. 
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1.2.2 PMMA nanocomposites 

 

1.2.2.1 Morphology 

 

There were a number of investigations on nanocomposites of PMMA containing either non-

metal or metal oxides (e.g. Zno, NiO, CuO). In most cases Scanning electron microscopy (SEM), 

Transmission electron microscopy (TEM), X-ray powder diffraction (XRD), Atomic force 

microscopy(AFM) and Fourier transform infrared spectroscopy (FTIR) were used to characterize 

the morphology. In in situ prepared nanocomposites with TiO2 and Fe2O3 as fillers in PMMA, 

the final product showed improved surface hydrophilicity, PMMA porosity and colour [87,88]. 

In other studies where ZnO/PMMA nanocomposites were synthesized by chain polymerisation 

of MMA in bulk between two glass plates, ZnO particles were homogeneously dispersed in the 

PMMA matrix with few agglomerates [26,27]. The dispersability of the fillers within the matrix 

was related to interactions at the polymer-filler interface. Another study showed that surface 

roughness increased with an increase in metal oxide content [58]. In most of the PMMA 

nanocomposites containing oxide nanoparticles it was possible to improve the dispersion of the 

filler through decreasing the size and quantity of the particles, and through surface modification 

[26,27]. 

 

1.2.2.2 Thermal properties 

 

The thermal properties of PMMA containing either non-metal or metal oxides have been studied 

by a number of researchers using thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC). The results of the weight loss of PMMA containing either non-metal or metal 

oxide as a function of temperature could be summarized as follows: The number of degradation 

steps in most cases was controlled by the type of PMMA used. Most PMMA nanocomposites 

thermally degrade between 250 and 450 °C, regardless of preparation route. The presence of 

oxides generally increased the thermal stability without affecting the thermal degradation 

mechanism of PMMA. The increase in thermal stability was attributed to interaction between the 

surface of the particles and segments of the PMMA chains which reduced segmental mobility 

[86,26]. However, some reported results indicated a decrease in thermal stability in the presence 
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of oxides. The authors attributed this observation to the surface modification of the particles and 

to poor dispersibility [12,13]. 

 

The glass transition temperature (Tg) of PMMA/alumina nanocomposites, prepared via in situ 

polymerization, was studied by DSC in two similar studies [8,25]. At smaller weight fractions 

(<1.0 wt % of 38 nm fillers, or < 0.5 wt % of 17 nm fillers) it was found that there were no 

changes in the composite Tg [8]. However, at greater filler concentrations, the Tg was observed to 

decrease precipitously compared to that of the neat polymer. The decrease was attributed to a 

threshold at which a significant volume fraction of the polymer has higher mobility. The Tg 

depression was suppressed by coating the nanoparticles to make them compatible with the 

matrix. Another study, however, showed decreasing Tg values at smaller weight fractions in 

PMMA, and related it to a decrease in molecular weight and/or a decrease in syndiotacticity of 

the synthesized PMMA [25]. 

 

1.2.2.3  Mechanical and viscoelastic properties 

 

Dynamic mechanical analysis (DMA) and tensile testing were mostly used to get information on 

the mechanical properties of PMMA-(non)metal dioxide nanocomposites [8,25,89]. The 

presence the nanoparticles (Al2O3, ZnO2, and Ta2O5) in PMMA matrix generally showed a 

significant increase in Young’s modulus, storage modulus, loss modulus and glass transition 

temperature, especially at a low filler loadings [61]. However, there are some investigations 

which showed a reduction in the mechanical properties [8,25]. The differences in the influence of 

these nanoparticles on the mechanical properties were attributed mainly to the degree of 

dispersion of the filler nanoparticles in the PMMA matrix.  

 

1.2.3 PMMA-silica nanocomposites 

 

1.2.3.1 Morphology 

 

In previous investigations of poly(methylmethacrylate)/silica (PMMA-SiO2) nanocomposites 

AFM, SEM, TEM and FTIR techniques were used to investigate the morphology. The 
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preparation of PMMA-SiO2 nanocomposites via in situ emulsion polymerization in the presence 

of an initiator was investigated [90-98]. Generally, homogeneous dispersion of silica in PMMA 

was obtained, even though there were some noticeable agglomerates and a framework of small 

pores. The dispersion of silica was attributed to the interaction at the silica-PMMA interface. In 

most cases modified silica nanoparticles showed a better dispersion in the PMMA matrix which 

led to better transparency and stronger interaction at the interface. If the interaction was too 

strong, nanocomposites with core-shell morphology formed. AFM results indicated that the 

surface roughness increased in the presence of silica. Similar morphological results were found 

in separate studies where PMMA-SiO2 nanocomposites were prepared by single screw extrusion, 

melt compounding and in situ radical polymerization [99]. However, the in situ radical 

polymerization prepared nanocomposites showed exceptional dispersion of silica in PMMA 

compared to the in situ emulsion polymerization prepared PMMA-SiO2 nanocomposites [60]. In 

the sol-gel prepared nanocomposites, the morphology images and FTIR results showed that 

nano-scale SiO2 particles were uniformly distributed in and covalently bonded to the PMMA host 

matrix without macroscopic organic-inorganic phase separation [90,41,100,101]. The preparation 

of PMMA-SiO2 nanocomposites via solution mixture of PMMA and silica was also investigated 

[34,101-103]. A good dispersion of silica in the PMMA matrix and small clusters were observed. 

The silica showed a better dispersion when it was annealed at a low temperature for longer times 

or when the PMMA was grafted. The dispersion was attributed to the size and shape of the 

nanoparticles which influenced the interfacial interaction. 

 

Some studies prepared nanocomposites of PMMA-SiO2 by high energy ball milling (HEBM) 

[35,104,105]. There were no specific interactions observed between the PMMA matrix and the 

silica. The FTIR results showed that HEBM had no significant influence on the structure of 

PMMA. In contrast, Benito et al. [104] showed that HEBM induced particular conformational 

changes on both the ester group and the backbone of the PMMA, which seemed to be the cause 

of a specific polymer chain packing appearing at the interface. The change in the PMMA chain 

configuration was attributed to the long milling time.  

 

 

 



 
 

12 
 

1.2.3.2 Thermal properties 

 

The thermal behaviour in most PMMA-SiO2 nanocomposites was investigated by TGA and 

DSC. For most of the PMMA-SiO2 nanocomposites prepared via in situ emulsion polymerization 

the presence of silica retarded the thermal decomposition of the polymer chains, which was 

attributed to the large silica surface area and radicals that were probably trapped by the silica 

during degradation [91-93]. However, the opposite trend where the presence of silica in PMMA 

did not enhance the thermal stability was also observed [12,103]. From the thermal degradation 

kinetics in another study of PMMA-SiO2 nanocomposites it was apparent that the addition of 

silica could lead to decreased activation energy of degradation [35]. The observations were 

related to weak interaction at the polymer- filler interface. 

 

The thermal stability of most PMMA-SiO2 nanocomposites was governed by the modification of 

the silica surface. For instance, Hu et al. [97] increased the thermal stability of the 

nanocomposites via in situ polymerization by introducing methyl groups on the silica surface. In 

another study, where a core-shell morphology was formed, the increase in thermal stability of the 

PMMA-silica nanocomposites was attributed to the presence of silica and uncondensed residual 

of the precursor which needed a large amount of heat to decompose [91].  

 

Other studies, where the nanocomposites were prepared by single screw extrusion and melt 

compounding, found an increase in the thermal stability in the presence of silica [95,96,99]. This 

was attributed to good interaction at the PMMA-silica interface. The presence of silica in studies 

on in situ radical polymerization prepared nanocomposites showed slightly reduced thermal 

stability of the nanocomposites and slightly delayed random initiation along the polymer 

backbone. However, it appeared that the overall PMMA degradation mechanism was not 

significantly modified by the addition of nano silica particles. 

 

In sol-gel prepared nanocomposites the increase in silica content shifted the degradation of the 

matrix to higher temperatures [41,90,101]. This was attributed to the organic chains which were 

trapped in the inorganic silica matrix. In another study on sol-gel prepared PMMA-silica 

nanocomposites the presence of silica in air and nitrogen atmospheres showed increased thermal 
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stability and much higher stability in air. The increase in thermal stability was attributed to the 

formation of an inorganic-organic network. In the air atmosphere the thermal stability was 

attributed to the ability of inorganic components to stabilize the free radicals generated at high 

temperature. 

 

In the nanocomposites prepared by high energy ball milling (HEBM) the PMMA showed a new 

thermal degradation step at a lower temperature [35,104,108]. The kinetic analysis of the thermal 

degradation of the PMMA also showed a lower activation energy. These observations were 

attributed to a high concentration of end chains due to the milling process. It was further 

observed that after adding silica nanoparticles, the effect of milling on the thermal degradation 

and the kinetic analysis was even more pronounced. However, the opposite effect was found 

when the amount of nanoparticles was further increased. These results were attributed to more 

chain scission when the silica nanoparticles were mixed with PMMA up to the threshold.  

 

Li et al. [106], in their DSC analysis of in situ polymerized PMMA in the presence of silica 

nanoparticles, indicated that unconverted monomers trapped in the pores of silica could 

polymerize during the first scan and lead to multiple exotherms of PMMA. Chan et al. [107], 

however, related the multiple exotherms of PMMA to the incomplete condensation during silica 

nanoparticles synthesis. Lui et al. [12], on the other hand, did not observe an exotherm for 

PMMA/silica nanocomposites prepared in a similar way. Castrillo et al. [108] found a decrease 

in the glass transition temperature for PMMA, and two glass transitions for PMMA-silica 

nanocomposites when milling times were longer than 6 hours. These observations were related to 

a higher extent of chain scission that occurred during the mixing of the two components.  

 

1.2.3.3  Mechanical and thermomechanical properties 

 

Many PMMA-SiO2 nanocomposites studies investigated the mechanical and viscoelastic 

properties of the nanocomposites through tensile testing and DMA. In most cases the DMA 

results of these nanocomposites prepared via in situ emulsion polymerization showed higher 

storage and loss moduli, glass transition temperatures and elastic moduli than PMMA [90-98]. 

The glass transition temperature of these nanocomposites increased with increasing silica 
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content. However, other authors found a decrease in the glass transition temperature of PMMA 

with nanosilica addition [13,105]. Kashiwagi et al. [13] attributed the decrease to residual 

solvent in the sample, and Hub et al. [102] attributed it to non-equilibrium trapped voids in the 

sample. The stiffness and loss modulus of the nanocomposites with modified silica nanoparticles 

were even higher, and so were the glass transition temperatures. The apparent hardness, tensile 

strength, impact strength and flexural strength increased in the presence of silica. Those were 

related to physical bonding, at polymer filler interface, between silica and PMMA that acted as 

restriction sites for the movement of polymer chains [92,96]. Fu et al. [109] added 

hydroxyppropyl acrylate as a catalyst to the tetramethyl othosilicate (TEOS) precursor during the 

in situ polymerization of PMMA-SiO2 nanocomposites. The hardness, elasticity modulus, and 

wear of the materials increased in the presence of the catalyst. The increase was related to 

covalent bonds formed between the organic matrix and the silica. 

  

Some studies revealed that the mechanical performance of PMMA-SiO2 nanocomposites could 

be correlated with the pore structure of the silica nanocomposites [109,110]. Silica with the 

largest pore size and pore volume showed the greatest enhancement in mechanical properties. In 

general, 3D framework structures and large mesopore sizes were preferred over smaller and 

lower dimensional pore structures, because they provided a greater degree of polymer 

confinement and interfacial interactions that led to improved mechanical properties.  

 

Similar improvements in the mechanical properties (storage and loss moduli, damping factor, 

hardness and tensile strength) were found in the sol-gel and melt compounding prepared PMMA-

SiO2 nanocomposites, and all these observations were attributed to PMMA-silica interfacial 

interaction [41,90,100]. Yeh et al. [100] found that the addition of silica showed a decrease in 

impact strength of PMMA-SiO2 nanocomposites, but they did not offer a clear explanation.  
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1.2.4 PMMA-zirconia nanocomposites 

 

1.2.4.1 Morphology 

 

In studies of the morphology of PMMA-ZrO2 nanocomposites prepared by in situ polymerization 

[112-116] it was found that single, non-agglomerated ZrO2 nanoparticles were homogeneously 

dispersed in the polymer matrix. The good dispersion of the particles at nanometre level gave 

rise to the transparency observed for these nanocomposites. No obvious optical difference could 

be seen with the naked eye between the highly filled and pristine PMMA samples. At higher 

zirconia content the reduction in transparency of the nanocomposites was related agglomeration 

of the zirconia particles. In studies where surface modified nanoparticles were used, the good 

dispersion of the nanoparticles was associated with the existence of hydrogen bonds [87,90]. 

Wang et al. [41] found that, in the absence of surface modification, the nanoparticles could 

covalently bond to PMMA, and there was no obvious macroscopic organic-inorganic phase 

separation. 

 

For sol-gel prepared nanocomposites it was also found that the nano-scaled ZrO2 particles were 

uniformly distributed in the host matrix without changing the PMMA structure, and it was related 

to interaction between the components [116,117]. The results were confirmed by FTIR, which 

showed a shift in the carbonyl absorption to a lower wavenumber in the presence of the zirconia 

nanoparticles. Similar results were found by Shang et al. [118] where PMMA-ZrO2 composites 

were prepared by solution mixing. Unfortunately they offered no explanation for their 

observation. 

 . 

1.2.4.2  Thermal properties 

 

In most of the in situ polymerized nanocomposites, TGA results showed a clear increase in 

thermal stability with increasing zirconia content [112-115]. These studies related the 

improvement in thermal stability to the formation of networks between the polymer and the 

inorganic moieties, which led to the restrained movement of free radicals generated by the 

thermal decomposition of the PMMA matrix. Hu et al. [112] showed that functionalised ZrO2 
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exhibited better thermal stability than non-functionalised ZrO2 at 200 ºC. However, beyond 200 

ºC there was a clear decrease in thermal stability. The increase in thermal stability of the 

functionalized nanoparticles was attributed to the organic components of the attached 

methacryloxypropyltrimethoxysilane (MPS). Unfortunately it was not explained how those 

organic components improved the thermal stability and why the thermal stability suddenly 

decreased beyond 200 ºC. 

 

Investigation of the thermal stability and degradation kinetics of PMMA-zirconia hybrids 

prepared by a sol-gel method in air and nitrogen [116,117], showed that the PMMA and 

nanocomposites degraded in three steps and that the thermal stability of PMMA increase in the 

presence of zirconia. However, in the second step in nitrogen and the third step in air the thermal 

stability of the nanocomposites was lower. This was related to different mechanisms of thermal 

degradation in air and nitrogen. The kinetic results showed that the activation energy (Ea) values 

for the degradation of the nanocomposites were higher than that of pure PMMA in air. In 

nitrogen the Ea values for the first and last stage were larger than those of PMMA. This increase 

was associated with the nanoparticles inhibiting the formation of free radicals and reaction with 

oxygen in air. Wang et al. [119] observed a significantly higher thermal stability and lower heat 

release rate in air than in nitrogen when zirconia was present in PMMA. They related this 

observation to the formation of char compacted around the zirconia nanoparticles, which 

protected the material from further burning. 

 

1.2.4.3 Mechanical and thermomechanical properties  

 

For PMMA-ZrO2 nanocomposites prepared via in situ emulsion polymerization the storage and 

loss moduli, glass transition and elastic modulus were significantly higher in the glassy state than 

those of PMMA [112-115]. These were related to the reinforcing effect of the zirconia 

nanoparticles. However, in the rubbery state the PMMA modulus was independent of the filler 

content and this was attributed to the weak interaction between the polymer and filler at higher 

temperatures. A quick increase in pendulum hardness of PMMA-ZrO2 nanocomposites was 

observed at extremely low ZrO2 contents and there was a steady increase in scratch resistance 

with increasing zirconia content. These were attributed to the increased crosslinking density of 
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the PMMA in the presence of zirconia nanoparticles. Their viscosity measurements confirmed 

that zirconia nanoparticles played a cross-linking role in PMMA.  

 

Hu et al. [115] found, from tensile results, that for PMMA-ZrO2 nanocomposites the 

reinforcement of ZrO2, though not remarkable, enhanced rigidity without loss of toughness. This 

was attributed to bonding between the polymer and the functionalized zirconia. These results 

were in line with a study of Hu et al. [112] where the elastic modulus of the nanocomposites was 

determined from indentation tests. 

 

1.2.5 PMMA-titania nanocomposites 

 

1.2.5.1 Morphology 

 

A fair amount of work has been done to characterize the morphology of PMMA-TiO2 

nanocomposites prepared using different methods [15,120-128]. In most cases the PMMA-TiO2 

nanocomposites were transparent with the refractive index increasing with the addition of the 

filler. In situ polymerization of these nanocomposites yielded materials with the nanoparticles 

appearing to be nearly spherical and well dispersed, although agglomerates were visible. The 

surface modified nanoparticles appeared to disperse better than the unmodified nanoparticles.  

The structure of PMMA did not appear to be changed by the presence of the nanoparticles. A 

change in the absorption peak position of TiO2 was generally attributed to a particular functional 

group grafted onto the TiO2 surface before polymerization. The presence of pores was 

significant, and they were similar to those in PMMA-TiO2 nanocomposites prepared by solution 

mixing. Ahmad et al. [87] found that the virgin PMMA exhibited porous structure, while the 

pores disappeared in the PMMA-TiO2 nanocomposites. That was related to the ability of the 

hydrophilic filler to intercalate within the PMMA matrix. 

 

In melt mixed and twin extruded PMMA-TiO2 nanocomposites a uniform dispersion of modified 

and unmodified titania was observed with the existence of few agglomerates smaller than 0.2 µm 

in the modified system, and bigger in the unmodified system [40,124]. The titania was modified 

by addition of the coupling agent 3-acryloxypropyl trimethoxysilane. The TiO2 agglomerate sizes 
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were controlled by increasing the number of extrusions and the melt mixing time during the 

preparation of the PMMA-TiO2 nanocomposites. For nanopaticle loadings above 2% there was a 

non-uniform distribution of the filler in the PMMA matrix, independent of the number of 

extrusions and the melt mixing time. 

 

Khaled et al. [126] used methacrylic acid (MA) to modify the surface of fibril and spherical 

titania nanoparticles. The MA was then copolymerized with methyl methacrylate (MMA) to form 

a TiO2-PMMA nanocomposites. TEM and SEM results showed that generally the functionalized 

titania in was better dispersed in PMMA than the corresponding unfunctionalised system. It was 

observed that while there were several individual functionalized nanofibre particles distributed, 

most were clumped together in nano bundles uniformly dispersed in the polymer matrix. The 

functionalized TiO2 nanospheres were uniformly dispersed throughout PMMA. These results 

were confirmed by FTIR, where chemical bonding between the modified fillers and PMMA was 

observed. 

 

Inkyo et al. [124] used a beads assisted mill to form suspensions of modified and unmodified 

titania nanoparticles in methyl methacrylate, followed by polymerization. The beads milling 

successfully broke up the titania nanoparticle agglomerates when the coupling agent 3-

acryloxypropyl trimethoxysilane to was added to the PMMA-titania suspension. Agglomerated 

particles were broken up into primary particles as small as 10 nm in suspensions with 

nanoparticle mass fractions up to 0.05. The well-dispersed titania nanoparticles had very little 

effect on the transmittance of visible light through MMA, but they reduced the UV absorbing 

properties of MMA. TEM images showed that the milled nanoparticles remained well dispersed 

in the nanocomposites. The results were related to the effectiveness of the milling process to 

disperse the nanoparticles into the organic solvent. 

 

1.2.5.2  Thermal properties 

 

The influence of the TiO2 in on the thermal properties of most in situ polymerization prepared 

PMMA-TiO2 nanocomposites was investigated by TGA and DSC [120-123]. Some TGA studies 

were done in nitrogen and in air [120,121,124]. The char content increased with increasing 
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titania content. The nanocomposites generally exhibited better thermal stability than pristine 

PMMA, and those containing modified nanoparticles prior to polymerization showed the best 

thermal stability. This effect was more obvious during thermo-oxidative degradation. The 

increase in decomposition temperatures was attributed to the interfacial interaction between 

titania and PMMA.  

 

In some studies PMMA and PMMA/TiO2 nanocomposites showed respectively three and two 

degradation steps [120,121]. The lack of a third peak, attributed to head to head linkage, in the 

nanocomposites was the result of the nanoparticles that reacted as radical scavengers and/or 

chain-transfer agents during the polymerization. The same systems showed respectively two and 

one degradation steps in oxygen [120]. The two degradation steps were attributed to free radicals 

suppressed by oxygen, and the one degradation step was attributed to an inhibiting effect by the 

nanoparticles. Some studies, where the nanocomposites were prepared through in situ 

polymerization, showed the decreased thermal stability of PMMA in the presence of the TiO2 

nanoparticles [13,125]. This was attributed to physisorbed water evaporating at lower 

temperatures. 

 

An increase in thermal stability of PMMA-TiO2 nanocomposites was also shown for melt mixed, 

twin-screw extruded, beads assisted mill and sol-gel prepared nanocomposite [15,30,124]. This 

was attributed to the large specific surface area of the nanoparticles giving more interaction sites. 

In the sol-gel study they attributed this increase to trapped inorganic moieties that impeded the 

polymer chain segment motions. Chatterjee et al. [40] and Laachaci et al. [125] prepared 

PMMA-TiO2 nanocomposites by twin screw extrusion and melt blending respectively, and 

studied the thermal degradation kinetics of the nanocomposites. In both studies the activation 

energy increased with an increase in the filler content, decreased at higher filler contents. The 

increase in the activation energy compared to that of pure PMMA was related to a stabilizing 

effect, and the decrease at higher contents to a catalytic effect, of the agglomerated nanoparticles. 

 

Some DSC studies showed an increase in Tg with an increase in the nanoparticles loading, and 

the effect was more pronounced where functionalized TiO2 nanoparticles were used 

[15,125,127]. This was attributed to the strong interfacial bonding between the functionalized 



 
 

20 
 

nanofiller and the polymer matrix. However, a decrease in glass transition was also observed for 

some PMMA-TiO2 nanocomposites, which was attributed to the plasticization effect of the 

presence of lower molar mass components. Ling et al. [15] studied PMMA-TiO2 

nanocomposites, synthesized through in situ polymerization, using differential thermal analysis 

(DTA) in air. They did not only find an increase in Tg with increasing nanoparticles loading, but 

also a separation of the endothermic melting peak of the nanocomposites into two peaks. This 

was related to a physical and chemical intercross of the polymer matrix chains and the polymer 

chains grafted onto the nanoparticles.  

 

1.2.5.3  Mechanical and thermomechanical properties 

 

Many studies have shown little interest in the characterization of the mechanical properties of 

PMMA-TiO2 nanocomposites. In the studies where the mechanical properties were investigated, 

the storage and loss moduli increased and tan δ shifted to higher temperatures relative to those of 

the neat polymer [39,124-126]. The increase was more pronounced at lower TiO2 volume 

fractions. The increase was attributed to the improved interfacial adhesion between the 

nanoparticles and the polymer as a result of physiochemical interaction. The stronger interfacial 

surface absorbed stress imposed on the nanocomposites. In the studies where the nanocomposites 

were prepared through twin screw extrusion, the tensile modulus, dimensional stability and glass 

transition increased with an increase in TiO2 nanoparticles content. This was explained as being 

the result of possible chemical and physical interactions that formed a crosslinked structure. 

 

Hamming et al. [127] prepared PMMA-TiO2 nanocomposites by mixing a solution of PMMA 

with certain amounts of modified and unmodified TiO2. The TiO2 was modified by adsorbing 

biomimetic initiator on the surface from an aqueous solution. The sample of 2 wt% unmodified 

TiO2 in PMMA showed a broadening of the damping factor (tan δ) peak towards lower 

temperatures. In contrast, the sample of 2 wt% modified TiO2 in PMMA showed a tan δ peak 

shift towards higher temperatures. In the first case, the early onset of relaxation was related to an 

indication of a weak interaction between the nanoparticles and the surrounding polymer, while in 

the second case the observation was related to indirect evidence that the interphase region had 
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percolated through the entire composite. It was also attributed to strong interaction between the 

modified nanoparticles and the surrounding polymer. 

 

The results of Khaled et al. [126] confirmed that, regardless of weight percentage and shape of 

nanofiller in the composite, chemical bonding between the functionalized titania nanoparticles 

and the PMMA matrix produced significantly higher values of dynamic elastic moduli compared 

to the composites with nonfunctionalized titania nanoparticles. They went on to compare the 

mechanical properties of titania nanofibers and nanospheres in the composite, and observed that 

the TiO2 nanofibers generally were better reinforcers than the TiO2 nanospheres. 

 

1.3 Polycarbonate  

 

Polycarbonate (PC), mainly bisphenol A polycarbonate, show very good physical and chemical 

properties, such as good mechanical strength, good thermal stability and high heat distortion 

temperature. PC is a condensation polymer that forms a bulky stiff molecule, which promotes 

rigidity, strength, creep resistance and high heat deflection temperature. PC is typically 

amorphous and exhibit good transparency. The bulk amorphous chains produce considerable free 

volume, resulting in a polymer with high ductility, impact resistance and low scratch-resistance. 

PC is applied in many areas such as construction, electrical, automotive, aircraft, medical and 

packaging applications and recently in car lights and laser optical data storage (compact disks). 

The price of PC is between that of commodity thermoplastics and special engineering 

thermoplastics, which makes it the largest volume engineering thermoplastic [33-36,130-132]. 

PC also has a high limiting oxygen index (LOI) and produces a large fraction of char upon 

combustion when subjected to thermogravimetric analysis. It is usually processed at higher 

temperatures (over 300 °C) by an injection molding process. 

 

Several investigations, by means of various analytical techniques such as pyrolysis-mass 

spectroscopy, pyrolysis-gas chromatography, assisted laser desorption ionization, and TGA-

FTIR, were performed on the thermal decomposition of PC and the many structures formed in 

PC chains during thermal degradation [132-138]. There are some of controversies about the true 

chemical reaction occurring during the thermal degradation of bisphenol-A polycarbonate. Some 
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authors [33,139] reported that the degradation starts at carbonate linkages (< 400 �C), while at 

higher temperatures the isopropylidene group starts to be susceptible to loss of methyl radicals. 

Other studies [136,137,140] revealed that the carbonate linkages undergo rearrangement at lower 

temperatures by intramolecular ester exchange and disproportionation of isopropylidene 

linkages. In an attempt to suggest a mechanism, Jang et al. [36] reported that the main thermal 

degradation pathways followed chain scission of the isopropylidene linkage, and 

hydrolysis/alcoholysis and rearrangements of carbonate linkages. In the case of chain scission, 

they proposed that methyl scission of isopropylidene occurs first. However, McNeill et al. [140] 

suggested that polycarbonate follows a homolytic chain scission mechanism during the thermal 

degradation of PC. 

 

These controversies were also obvious in studies reported on the air atmosphere degradation of 

PC, with TGA results showing multiple step degradation [30,33,133].  For example, Jang et al. 

[33] found two TGA steps and attributed the first step to oxidative hydrogen cleavage of the 

isopropylidene linkage, followed by hydrolysis and alcoholysis of the carbonate. Li et al. [133] 

observed three steps and attributed the first stage to decarboxylation, dehydration, dealkylation 

and hydrogen abstraction, together with crosslinking between the residual aromatic carbon 

atoms. The second and third stages were attributed to the degradation of aromatic carbons. 

 

1.3.1 PC nanocomposites 

 

1.3.1.1 Morphology 

 

Polycarbonate-γ-Fe2O3 and polycarbonate-CuO composite films were prepared by a solvent 

casting method [37]. In other studies PC-zinc oxide (ZnO) nanocomposites containing 0.1, 0.5, 1 

or 5 wt. % nanoparticles were prepared by milling and injection molding [38,43]. Intense XRD 

peaks were found for the PC nanocomposites which showed the development of crystallinity in 

the PC matrix. This was related to the complexation of γ-Fe2O3 and CuO nanomaterials with the 

polycarbonate matrix. In the PC-ZnO nanocomposites non-uniform distribution of the ZnO 

particles was observed from TEM, while SEM and energy dispersive spectroscopy (EDS) 

showed the formation of micron-sized nano-ZnO agglomerates or clusters in the PC matrix. The 
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MgO particles in a flame retardant PC-magnesium oxide (MgO) nanocomposite were 

nanodispersed in the PC matrix [134]. The composites were further burned in oxygen and 

micrographs were taken. No obvious difference was observed between the micrographs of PC 

and the PC/MgO nanocomposite, and this was attributed to failure of the filler to influence the 

final morphology of the char.  

 

1.3.1.2 Thermal properties 

 

Simultaneous TGA/DTA of PC, PC/γ-Fe2O3 and PC/CuO nanocomposites were undertaken [37], 

while PC-ZnO nanocomposites were investigated using DSC [38,43]. The presence of CuO and 

γ-Fe2O3 nanoparticles in PC showed an increase in thermal stability, and all the samples showed 

a two-step mass loss. The first step was attributed to the partial decomposition of the surface-

oxygenated PC and the second step to complete PC decomposition.  

 

Other studies found a decrease in thermal stability of all the composites compared to that of PC, 

and a decrease in residual content in the presence of a metal oxide (CuO, Al2O3, MoO3 ,CeO3, 

and MgO) as additive in PC [132,134]. They related the lower thermal stability to the catalysis of 

the thermal degradation by the metal oxides, and the decreased residual content to a possible 

reaction occurring between the metal oxides and PC during heating. Dong et al. [134] showed 

that small amounts of MgO led to increased LOI values, which they related to the nanodispersion 

of MgO in the PC matrix. 

 

DSC analyses showed that the presence of ZnO gave rise to a decrease in the glass transition 

temperature of the nanocomposites [38,43]. A significant decrease was observed when ionic 

liquid was added [43]. The observations were related to a plasticizing effect by the fillers.  

 

1.3.1.3 Mechanical and thermomechanical properties 

 

The presence of nano-filler generally increased the stiffness and reduced the ductility of PC [37-

39]. Carrión et al. [38] found that 1 wt.% ZnO nanoparticles significantly reduced both the 

tensile strength and the elongation at break of PC, and that the presence of 0.5% ZnO in PC 
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increased its hardness, while 1% ZnO reduced its hardness. They related the observations to the 

more homogeneous dispersion of the filler at lower contents.  In another study [43] an ionic 

liquid (IL) of 1-hexyl-3-methylimidazolium hexafluorophosphate had been added to a PC+0.5 

wt.% ZnO nanocomposite. The presence of IL reduced friction and wear compared to IL-free 

PC+0.5 wt.% ZnO nanocomposite. These were related to the formation of a more homogeneous 

dispersion in the presence of IL. 

 

In another study the abrasive wear resistance of injection molded PC and PC/ZnO 

nanocomposites containing 0.5 wt% ZnO nanoparticles were determined as a function of the 

sliding direction with respect to injection flow [141]. The neat PC showed anisotropic behaviour 

with instantaneous penetration depth more than 50% higher in the direction parallel to the melt 

injection flow than in the transverse direction. The addition of ZnO nanoparticles reduced the 

instantaneous penetration depth in the longitudinal direction and lowered the viscoelastic 

recovery which led to large residual depth. The addition of 0.5 wt % of ZnO nanoparticles 

increased the storage modulus and reduced the glass transition temperature of PC. The 

observations were related to interactions between the nanoparticles and the polymer network. 

 

1.3.2 PC-silica nanocomposites 

 

1.3.2.1 Morphology 

  

The morphology of PC after incorporating silica nanoparticles into the PC matrix had been 

investigated by several authors. A couple of studies showed that PC-silica nanocomposites 

prepared by a simple one-step injection moulding process contained nanopowders aggregated 

into small nano-clusters, and these nano-clusters were well dispersed in the polymer matrix 

[142,143]. FTIR confirmed that the dispersion was promoted by chemical bonding between the 

organic and inorganic phases. However, good dispersion of silica particles inside the polymer 

matrix was not observed in some other studies [144,145]. Chau et al. [144] found that the size of 

the SiO2 domains generally increased with increasing amount of TEOS in sol-gel prepared 

nanocomposites. There was no explanation given for the enlargement.  
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1.3.2.2 Thermal properties 

 

The thermal properties of the nanocomposites were investigated by DSC. The Tg of the 

polycarbonate increased after the addition of 5 wt% silica nanopowder  functionalized with a 

silane coupling agent. DSC results showed that the incorporation of silica nanopowders 

increased the Tg of PC in PC-silica nanocomposites [142]. This was related to the restriction of 

polymer chain segments motion by the interfacial interactions between the surface functionalized 

silica nanopowders and the polymer molecules. Other studies found that an increase in silica 

content in a PC matrix, prepared through sol-gel, led to a decrease in both the glass transition and 

thermal degradation temperatures [144,145]. The decrease was related to an increase in free 

volume and catalysis by silica, or to the presence of a large fraction of the rigid structure of 

cyclohexene carbonate units (CHC). The presence of silica nanoparticles in a PC matrix prepared 

by melt mixing showed an improvement in thermal stability. This was related to hydrogen 

bonding interaction between the hydroxide groups on the silica surface and carbonyl groups in 

the PC [50,143]. 

 

1.3.2.3 Mechanical and thermomechanical properties 

 

PC-nano silica prepared by melt-mixing in an internal mixer showed an increased storage 

modulus for lower loadings of hydrophobic silica, which contained chemically surface-bonded 

methyl groups [50,143]. The nanocomposites showed strongly enhanced scratch resistance, 

impact property and hardness. This was related to the presence of the modified silica which 

strengthened the material, mainly through hydrogen bonding. A similar reason was given for the 

increased storage modulus of the nanocomposites prepared by solution mixing [146]. However, 

in this case the storage modulus did not differ significantly for the samples containing modified 

and unmodified silica. This observation was related to the fairly strong interaction that already 

existed between the hydroxide groups on the silica and the carbonyl groups in PC. The 

volumetric strain at the cross-section where necking dominates was also studied. The results 

showed that the filler caused significant differences in the onset and propagation of necking, and 

it was related to the disruption of the molecular structure of the polymer by the filler. 
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1.3.3 PC-zirconia nanocomposites 

 

1.3.3.1 Morphology 

 

PC-zirconia nanocomposites were studied by several authors and they used TEM, SEM, FTIR 

and XRD to investigate the morphology [147-149]. Homogeneously dispersed nanoparticles 

were observed for the solution mixing prepared nanocomposites. The efficient dispersion of the 

nanoparticles and the absence of crystallization resulted in highly transparent nanocomposites 

with up to 50 wt % ZrO2 nanoparticles. The refractive indices of the nanocomposites increased 

with increasing amount of nanoparticles. This was related to the efficient dispersion of the 

nanoparticles, which have a higher refractive index than the matrix. Xu et al. [148] used AFM in 

their study and found a marginal influence of the nanoparticles on the surface smoothness of the 

nanocomposites. The low surface roughness of the nanocomposite film was attributed to the 

homogenous dispersion and small size of the ZrO2 nanoparticles. 

 

1.3.3.2 Thermal properties  

 

Only a few studies reported on the thermal characterisation of PC-ZrO2 nanocomposites [147-

149]. The TGA results of the nanocomposites showed that most of the transparent 

nanocomposites a higher thermal stability than the matrix polymer, although further increase of 

the filler content led to reduced thermal stability [147,148]. The decreased thermal stability at the 

higher filler content was related to the evaporation of the entrapped organic solvent and/or the 

unreacted monomer in the ZrO2 agglomerates. Imai et al. [147] further modified the PC by 

sulfonic acid. The introduction of the sulfonic acid moiety reduced the thermal stability of the 

matrix polymer. 

 

1.3.3.3 Mechanical and thermomechanical properties 

 

The same researchers [147-149] reported on the mechanical and thermomechanical properties of 

PC and its zirconia nanocomposites. DMA analysis showed that both the hardness and elastic 

modulus increased with increasing ZrO2 content up to 20 wt%, and this was linked to the 
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reinforcing role of the ZrO2 nanoparticles. However, the hardness of the nanocomposite film 

decreased considerably for 25 wt% of ZrO2. This was related to agglomeration of ZrO2 

nanoparticles in the polymer matrix. 

 

1.3.4 PC-titania nanocomposites 

 

1.3.4.1 Morphology 

 

The morphology of PC-titania nanocomposites after the incorporation of low levels of filler was 

investigated with the help of SEM, energy dispersive X-ray (EDX), XRD, AFM and TEM 

[42,147,150]. The results showed that TiO2 was well dispersed inside the matrix, with no 

agglomeration, even at higher contents (6-11%). Imai et al. [147] modified both the 

nanoparticles and the matrix polymer. The nanoparticle surfaces were modified with phosphoric 

acid 2-ethylhexyl esters, while a sulfonic acid moiety was introduced into the PC. Further 

dispersion of the nanoparticles and the absence of crystallization resulted in highly transparent 

nanocomposites with up to 42 wt% TiO2 nanoparticles. That was attributed to the modification 

of the components which led to a better interfacial interaction.  

 

In another study where the nanocomposites were prepared via extrusion, the fractured material 

showed areas of apparent densification around the notch edge [42]. These areas appeared as 

circular crater-like areas in the SEM photographs. EDX analysis of these areas showed an 

extremely high concentration of titanium dioxide at the centre of the crater. It seems as if the 

TiO2 generated sites of nucleation for the growth of a densified form of PC. 

 

1.3.4.2 Thermal properties  

 

Not much work has been done on the thermal properties of the nanocomposites. Imai et al. [147] 

found that the presence of titania deteriorated the thermal stability of the nanocomposites. The 

same results were found by Gupta et al. [131], who related the results to a catalytic effect by the 

nanoparticles. Imai et al. [147] related the behaviour to the state of dispersion of the 

nanoparticles within the matrix polymer and the preparation conditions. They also investigated 
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the thermal degradation kinetics of the nanocomposites. Based on their calculations, they 

suggested that the degradation of the PC and the nanocomposites respectively followed second 

and first order kinetics. In the case of PC, the observations were related to crosslinking and 

branching resulting from the degradation. However, the observations for the PC nanocomposites 

were related to a predominance of chain scission. 

 

Blackwood et al. [42] analysed PC-titania nanocomposites prepared by twin screw extrusion to 

investigate possible nucleation effects by the filler. They did, however, not observe any 

nucleation effect. 

 

1.3.4.3 Mechanical and thermomechanical properties 

 

The incorporation of titania into PC led to a reduction in the fracture energy and changes in the 

failure mechanism of injection molded test samples [42]. Electron microscopic examination of 

the fracture surfaces indicated that changes in the failure mechanism resulted from the 

occurrence of large areas of densified polymer around the filler particles. The densification 

reduced the extent of segmental motion within the polymer matrix. 

 

Rouabah et al. [150] studied the effect of quenching temperature on the mechanical properties of 

PC-TiO2 nanocomposites at 0 °C, at room temperature and at 40 °C. The values of density, 

elongation at break, modulus of elasticity and yield stress were lower after quenched at 0 °C, 

wereas the modulus increased for those cooled at room temperature. An increase in Izod impact 

strength, elongation at break, minimum density and decreased modulus were observed for 

quenching at 40 °C. The results were associated with the amount of free volume. For instance, in 

the fast cooling case, the macromolecular chains had less time to reorganize which induced an 

increase in the free volume that led to the observed reduced properties.  
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1.4 Solid state NMR investigations of polymer-filler interactions 

 

Before 1940 studies of solid polymers had been limited to bulk mechanical techniques (tensile 

testing, impact testing, and DMA), from which the molecular characteristics were indirectly 

inferred. Only around 1970, after the introduction of neutron scattering and solid state NMR 

techniques, have scientists been able to directly investigate the molecular characteristics of 

polymers in the solid state. The NMR’s advantage to measure motional frequency in different 

ranges makes it an excellent tool for studying molecular motions in solid polymers [151-155]. 

For example, previous studies, where pure PMMA, PC, polypropylene and epoxy were analysed 

via NMR, showed that spin lattice relaxation in the laboratory frame (MHz) values are 

particularly sensitive to side chain motions, whereas spin lattice relaxation in the rotating frame 

is sensitive to molecular motions that occur in the kHz range. The density of molecular motion 

(cross polarization) in a polymer system can be used to determine the extent of motional 

heterogeneity and phase separation in a polymer system.  

 

The use of high resolution NMR in studies of polymer blends has been shown to be a valuable 

tool for the characterization of polymer-polymer miscibility and the forces that drive miscibility. 

For example, in a review article by Guo et al. [156] it was shown that, for polymer blends, NMR 

has the ability to give information on the phase diagrams, on phase separation and redissolution, 

kinetics, and on blends containing crystalline polymers. The development of NMR as applied in 

blends escalated to polymer-filler nanocomposites in recent studies, due to the ability to study 

the interaction at the polymer-filler interface and the effect of the interaction on the mobility of 

polymer chains [153-155].  

 

Mansencal et al. [155] studied high resolution solid-state NMR of the carbon black filler-1,2-

polybutadiene rubber interaction. They found that the presence of the nanofiller brought a 

reduction in the mean relaxation time, and related it to the 1,2-polybutadiene moieties’ affinity 

towards the carbon black surface and an increase in rigidity. Gurovich et al. [153] made similar 

observations in the investigation of polyisoprene-silica composites. Saladino et al. [157] studied 

the 13C cross-polarization magic-angle spinning nuclear magnetic resonance of a Ce:YAG-

poly(methyl methacrylate) composite prepared by in situ polymerization. The presence of the 
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filler showed no modification in the chemical shift and increased the spin-lattice relaxation time 

in the rotating frame and in the laboratory frame. The increases in the values were related to the 

increase in polymer stiffness. However the cross-polarization time values decreased in the 

presence of the filler and this was related to a decrease in the dipolar interactions of the carbonyl 

carbon. 
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Chapter 2 

 

The effect of silica nanoparticles on the morphology, mechanical properties and thermal  

degradation kinetics of PMMA 

 

This chapter has been published as: 

(1) M.L. Saladino, T.E. Motaung, A.S. Luyt, A. Spinella, G. Nasillo, E. Caponetti. The effect of 

silica nanoparticles on the morphology, mechanical properties and thermal degradation 

kinetics of PMMA. Polymer Degradation and Stability 2012; 97:452-459 

(2) M.L. Saladino, T.E. Motaung, A.S. Luyt, A. Spinella, G. Nasillo, E. Caponetti. 

Corrigendum to “The effect of silica nanoparticles on the morphology, mechanical 

properties and thermal degradation kinetics of PMMA. Polymer Degradation and Stability 

2012; 97:2477. 

 

Abstract  

 

Silica-PMMA nanocomposites with different silica quantities were prepared by a melt 

compounding method. The effect of silica amount, in the range 1-5 wt.%, on the morphology, 

mechanical properties and thermal degradation kinetics of PMMA was investigated by means of 

transmission electron microscopy (TEM), X-ray diffractometry (XRD), dynamic mechanical 

analysis (DMA), thermogravimetric analyses (TGA), Fourier-transform infrared spectroscopy 

(FTIR), 13C cross-polarization magic-angle spinning nuclear magnetic resonance spectroscopy 

(13C{1H}CP-MASNMR) and measures of proton spin-lattice relaxation time in the rotating 

frame (T1ρ(H)), in the laboratory frame (T1(H)) and cross polarization times (TCH).  Results 

showed that silica nanoparticles are well dispersed in the polymeric matrix whose structure 

remains amorphous. The degradation of the polymer occurs at higher temperature in the presence 

of silica because of the interaction between the two components. 

 

Keywords:  PMMA; silica; 13C{1H}CP-MAS NMR; degradation kinetics. 
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2.1 Introduction 

 

The use of inorganic nanoparticles as additives to improve polymer performance has received 

industrial and academic interest in recent years. Among the nanocomposite materials, one of the 

most widely studied is silica-poly(methylmethacrylate) (PMMA) because of its optical and 

mechanical properties [1-5]. In fact, the silica nanoparticles incorporated into the polymer matrix 

can improve the strength, the abrasion-resistance and the ageing-resistance of the polymer. The 

nanocomposite properties are strongly dependent on “molecular” properties, and in particular on 

the nature and dimensions of the organic–inorganic interfaces, on the mechanisms of interaction 

between the organic and inorganic components, and on the structural and dynamic properties of 

either the organic or inorganic phases. However, the incomplete condensation and poor thermal 

stability of PMMA has a negative influence on the optical and thermal properties of the 

composites, even if properties like the surface hardness increases with an increase in the amount 

of silica [4]. 

 

Several methods have been used to prepare nanocomposites: solution mixing, physical mixing, in 

situ polymerization and single screw extrusion [6-8]. Ma et al. [9] prepared polyacrylate–silica 

nanocomposites by a sol–gel process via in situ emulsion polymerization. Yu et al. [10] 

synthesized surface-modified silica particles and copolymerized the obtained nanoparticles with 

MMA monomers. Freris et al. [11] performed the polymer encapsulation of submicrometer-sized 

silica particles by the synthesis of the polymer shell, poly(methyl methacrylate), under static 

conditions in a reaction medium free of surfactants and stabilizing agents. Preparation of SiO2-

PMMA nanocomposites via in situ emulsion polymerization in the presence of an initiator was 

investigated [12-15]. It was found that the presence of silica retarded the thermal decomposition 

of the polymer chains, which was related to the large silica surface area, to radicals probably 

trapped by silica during degradation and to uncondensed residue of the precursor which needed a 

large amount of heat to decompose. The storage and loss modulus, glass transition temperature 

(Tg) and activation energy of all the composites increased with the amount of silica. An increase 

in the thermal stability and activation energy with chain length of the organic molecules was 

observed when organically modified silica was used [15]. However, the opposite trend where the 

presence of silica in PMMA did not enhance the thermal stability was also observed [16,17]. 
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Some authors, studying the thermal degradation kinetics, have reported that the addition of silica 

could also lead to a decreased activation energy of degradation [18]. 

 

An improvement in thermal stability with an increase in silica content was observed in silica-

PMMA nanocomposites prepared by using single-screw extrusion [19,20]. The nanocomposites 

showed significant improvement in the mechanical performance and thermal stabilities, although 

they were not strictly flame retardant when subjected to fire tests like limiting oxygen index or 

horizontal Bunsen burner tests. 

 

The purpose of this study was to prepare silica-PMMA nanocomposites through a melt 

compounding method by using chemically modified SiO2 nanoparticles. Both nanoparticles and 

composites were characterized using transmission electron microscopy (TEM), X-ray 

diffractometry (XRD), dynamic mechanical analysis (DMA) thermogravimetric analyses (TGA), 

FT-IR spectroscopy and 13C cross-polarization magic-angle spinning nuclear magnetic resonance 

(13C{1H} CP-MAS NMR) and measures of proton spin-lattice relaxation time in the rotating 

frame (T1ρ(H)), in the laboratory frame (T1(H)) and cross polarization times (TCH). The effect of 

the presence and amount of silica nanoparticles on the thermal and mechanical properties and on 

thermal degradation kinetics of the PMMA will be discussed. 

 

2.2 Experimental 

 

2.2.1 Materials 

 

AEROSIL® R972 (R972, Degussa, Germany) is a hydrophobic silica having chemically surface 

bonded methyl groups, based on a hydrophilic fumed silica with a specific surface area of 130 

m2 g-1 and an average primary particle size of 16 nm. Silica was dried at 120 °C under static 

vacuum for a minimum of 16 hours before further use. 

 

Commercial grade poly(methyl methacrylate) (PMMA, Altuglas V920T) produced by Bayer 

Materials Science, Italy and having a melt flow rate at 230 °C/3.8 kg of 1g/10 min, and an Mw = 
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350 000, was used in pellet form. The polymer was dried at 120 °C overnight under static 

vacuum before processing.  

 

2.2.2 Preparation of composites 

 

PMMA was thoroughly mixed with 1, 2 and 5 wt.% silica for 10 min at 200 °C and 30 rpm in the 

50 mL internal mixer of a Brabender Plastograph from Duisburg, Germany. The mixed samples 

were melt-pressed into 1 mm thick sheets at 200 °C for 5 min. 

 

2.2.3 Analysis methods 

 

Transmission electron microscopy (TEM) micrographs were acquired by using a JEM-2100 

(JEOL, Japan) electron microscope, equipped with an X-ray energy dispersive spectrometer 

(EDS, Oxford, model INCA ENERGY-200T) for analysis of elements, operating at a 200 kV 

accelerating voltage. A few tens of a milligram of the powders were dispersed in 2 mL of 

isopropanol and a small drop of the dispersion was deposited on a 300 mesh carbon-coated 

copper grid, which was introduced into the TEM analysis chamber after complete solvent 

evaporation. Thin nanocomposite samples of about 50 nm in thickness were cutted using a Leica 

EM UC6 ultramicrotome equipped with a Leica EMFC6 cryocamera and a diamond blade. The 

thin samples thus obtained were deposited onto the cupper grids. 

 

The dynamic mechanical analysis (DMA) of the blends and composites were investigated from 

40 to 180 ºC in the bending mode at a heating rate of 5 ºC min-1 and a frequency of 1 Hz using a 

Perkin Elmer Diamond DMA from Waltham, Massachusetts, U.S.A. 

 

Thermogravimetric analysis (TGA) was performed in a Perkin Elmer TGA7 from Waltham, 

Massachusetts, U.S.A. The analyses were done under flowing nitrogen at a constant flow rate of 

20 mL min-1. Samples (5-10 mg) were heated from 25 to 600 °C at different heating rates. The 

degradation kinetic analysis was done using the following two methods: 
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Ozawa-Flynn-Wall method  

This is a conversional linear method based on the equation: 

ln 
RT

E
c a052.1                         (1)  

where ln   = heating rate in K min-1, T = temperature in K, aE  = activation energy in kJ mol-1, 

and R  = universal gas constant. The plot log   vs. 
T

1
, obtained from TGA curves recorded at 

several heating rates, should be a straight line. The activation energy can be evaluated from its 

slope. 

 

Kissinger-Akahira-Sunose method  
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E

gE

AR

T
a
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)(

ln()ln(
2 


                              (2) 

where   = fraction of conversion, A  = pre-exponential factor and )(g = algebraic expression 

for integral methods. From the TGA curves recorded at different heating rates β, temperatures T 

were determined at the conversions α = 10% ~ 90%. The activation energies were calculated 

from the slope of the straight lines )ln(
2T


 versus 

T

1
. 

 

The thermogravimetric analysis-Fourier-transform infrared (TGA-FTIR) analyses were 

performed in a Perkin Elmer STA6000 simultaneous thermal analyser from Waltham, 

Massachusetts, U.S.A. The analyses were done under flowing nitrogen at a constant flow rate of 

20 mL min-1. Samples (20-25 mg) were heated from 30 to 600 °C at 10° C min-1 and held for 4 

min at 600 °C. The furnace was linked to the FTIR (Perkin Elmer Spectrum 100, Massachusetts, 

U.S.A.) with a gas transfer line. The volatiles were scanned over a 400 – 4000 cm-1 wavenumber 

range at a resolution of 4 cm-1. The FTIR spectra were recorded in the transmittance mode at 

different temperatures during the thermal degradation process. 

 

X-ray powder diffraction (XRD) patterns were recorded in the 2-70° 2θ range at steps of 0.05°  

and a counting time of 5 s/step on a Philips PW 1050 diffractometer, equipped with a Cu tube 

and a scintillation detector beam. The X-ray generator worked at 40 kV and 30 mA. The 
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instrument resolution (divergent and antiscatter slits of 0.5°) was determined using standards free 

from the effect of reduced crystallite size and lattice defects.  

 

The 13C 1H CP-MAS NMR spectra were obtained at room temperature with a Bruker Avance 

II 400 MHz (9.4 T) spectrometer operating at 100.63 MHz for the 13C nucleus with a MAS rate 

of 13 kHz, 400 scans, a contact time of 1.5 s and a repetition delay of 2 sec. The optimization of 

the Hartmann-Hahn condition [21] was obtained using an adamantine sample. Each sample was 

placed in a 4 mm zirconia rotor with KEL-F cap using silica as filler to avoid inhomogeneities 

inside the rotor. The proton spin–lattice relaxation time in the rotating frame T1ρ(H) was 

indirectly determined, with the variable spin lock (VSL) pulse sequence, by the carbon nucleus 

observation using a 90°–τ–spin-lock pulse sequence prior to cross-polarization [22]. The data 

acquisition was performed by 1H decoupling with spin lock durations, τ, ranging from 0.1 to 7.5 

ms and a contact time of 1.5 ms. The TCH values for all carbon signals of PMMA were obtained 

through variable contact time (VCT) experiments [23]. The contact times used in the VCT 

experiments were 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 

5.0, 6.0 and 7.0 ms. The proton spin–lattice relaxation time in the laboratory frame T1(H) was 

determined, with the saturation recovery pulse sequence [24], by the carbon nucleus observation 

using a 90°–τ–90° pulse sequence prior to cross polarization with a delay time τ ranging from 

0.01 to 3 s. 

 

2.3 Results and discussion 

 

The TEM micrographs of the SiO2 powder are shown in Figure 2.1. Aggregates of size between 

1 and 3 µm and composed by a large number of nanoparticles (more than 500) of rounded 

morphology are observed. The histogram, also shown in Figure 2.1, was obtained after analysing 

several micrographs and depicts a relatively uniform and narrow particle size distribution which 

mean size is 20 nm. 
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The activation energy values were calculated from the slopes of the isoconversional plots. Both 

isoconversional methods give similar values of the activation energies within experimental 

uncertainty. Figure 2.9 illustrates the relationship between the activation energies and the degree 

of conversion. The activation energies of degradation of PMMA increased with an increase in 

the degree of conversion, while those of PMMA-silica (5 wt.%) decreased. The PMMA-silica (5 

wt.%) shows higher activation energies of degradation up to around 40% mass loss (Figure 2.9), 

while at higher degrees of conversion those of PMMA-silica (5 wt.%) are lower. In the case of 

pure PMMA the increase in activation energy has been explained by Gao et al. [28] as a change 

in degradation mechanism from unzipping to random chain scission. In the presence of the 

nanoparticles, however, the activation energies of degradation at lower degrees of conversion are 

significantly higher than those of pure PMMA, and these activation energies slightly decrease 

with increasing degree of conversion and were lower than those for pure PMMA at degrees of 

conversion above 0.4. It is possible that strong interaction between PMMA and the silica 

nanoparticles retarded the diffusion of the volatile degradation products from the sample, which 

led to unnaturally high activation energy values at low degrees of conversion. According to 

several authors [28-32], the presence of silica seems to catalyze the degradation process by 

giving an alternative degradation route. In the presence of silica, certain intermediates are 

apparently formed with increasing α, that decompose first and require a lower Ea. This is an 

acceptable explanation for our own observations at higher degrees of conversion. 

 

TGA-FTIR analyses were done to establish the nature of the degradation product(s), and to 

confirm the observations from the kinetic analysis of the thermal degradation process of PMMA 

and PMMA-silica (5 wt.%). Figure 2.10 shows the FTIR spectra of the degradation products of 

pure PMMA at different temperatures during the degradation process.  
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Table  2.1 Relaxation time values for all the peaks in the 13C spectra of PMMA and of 

the PMMA-silica (5 wt.%) nanocomposite 

ppm PMMA PMMA-silica (5 wt.%) 

 T1H (s) T1ρH (ms) TCH (µs) T1H (s) T1ρH (ms) TCH (µs) 

178 0.70 ± 0.02 18.1 ± 0.5 1306 ± 167 0.76 ± 0.03 22.9 ± 0.8 1080 ± 95 

56 0.71 ± 0.03 20.4 ± 0.9 254 ± 79 0.75 ± 0.05 23.0 ± 1.0 236 ± 41 

52 0.71 ± 0.01 16.2 ± 0.2 339 ± 42 0.70 ± 0.01 19.1 ± 0.2 319 ± 30 

45 0.71 ± 0.01 17.0 ± 0.2 614 ± 33 0.69 ± 0.01 19.5 ± 0.3 401 ± 25 

17 0.71 ± 0.01 19.3 ± 0.4 320 ± 36 0.73 ± 0.03 22.9 ± 0.3 305 ± 24 

 

 

The PMMA-silica  composite shows larger T1H values for the carbonyl carbon. This is evidence 

that the interaction between the silica filler and the polymer matrix is principally localized in this 

nucleus environment. The T1ρ is sensitive to molecular motions which occur in the kHz region. 

In particular, it is inversely proportional to the spectral density of motion in the kHz frequency 

region. These motions reflect the dynamic behaviour of a polymeric chain in a range of a few 

nanometres. Larger T1ρ values result in an increase in polymer rigidity. A homogeneous T1ρH 

increase was observed for the PMMA-silica composite, suggesting an increase of the polymer 

stiffness and that the silica is well dispersed into the PMMA matrix, thus confirming that the 

filler has an observable effect on the polymer chain mobility.  

 

The TCH value decrease for the signal at 178 ppm indicates that there is an increase in the 

heteronuclear dipolar interactions between the carbonyl carbon and the surrounding hydrogen 

nuclei. This is an evidence that the presence of the silica into the PMMA matrix makes the 

polymer structure more rigid. This rigidity increase favours the cross polarization mechanism 

yielding shorter TCH values.  The interactions between silica and PMMA led to a restriction of 

the PMMA chain mobility, and/or hindering of the diffusion of volatile decomposition products 

as hypothesized by the DMA and TGA measurements. 
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2.4 Conclusions  

 

PMMA-silica nanocomposites were prepared by melt compounding and were systematically 

investigated as a function of silica amount from 1 to 5 wt.%. The silica is well dispersed into the 

PMMA matrix and does not change the amorphous structure of PMMA. The filler has an 

observable effect on the polymer chain mobility, even if the effective immobilization of the 

polymer chains only takes place at the higher silica contents. The nanoparticles act as catalysts of 

the degradation process, but do not change the polymerization mechanism. The degradation of 

the polymer occurs at higher temperatures in the presence of silica and moves to higher 

temperature with increasing silica content. This is due to the interaction between the two 

components which occurred at the interface through the carbonylic groups of the polymer, as 

proven by solid-state NMR measurements. 
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Chapter 3 

 

PMMA-titania nanocomposites: Properties and thermal degradation behavior 

 

This chapter has been published as: 

T.E. Motaung, A.S. Luyt, F. Bondioli, M. Messori, M.L. Saladino, A. Spinella, G. Nasillo, E. 

Caponetti. PMMA-titania nanocomposites: Properties and thermal degradation behaviour. 

Polymer Degradation and Stability 2012; 97:1325-1333 

 

Abstract 

 

Titania nanoparticles were prepared using a sol-gel method and calcination at 200 and 600 °C in 

order to obtain anatase and rutile phases, respectively. The obtained powders were used to 

prepare PMMA-titania nanocomposites by the melt compounding method. The effect of the 

crystalline phase and the amount of titania, in the range 1-5 wt.%, on the morphology, 

mechanical properties and thermal degradation kinetics of PMMA was investigated by means of 

X-ray diffractometry (XRD), transmission electron microscopy (TEM), 13C cross-polarization 

magic-angle spinning nuclear magnetic resonance spectroscopy (13C{1H}CP-MAS NMR), 

including the measurement of proton spin-lattice relaxation time in the rotating frame (T1ρ(H)), 

in the laboratory frame (T1(H)) and cross polarization times (TCH), and dynamic mechanical 

analysis (DMA), thermogravimetric analysis (TGA), and Fourier-transform infrared (FTIR) 

spectroscopy. Results showed that both types of titania were well dispersed in the polymeric 

matrix, whose structure remained amorphous. The two types of nanoparticles influenced the 

degradation of the polymer in different ways because of their different carbon content, particle 

size and crystal structures. 

 

Keywords: PMMA; titania; nanocomposites; interfacial interaction; properties; degradation 

kinetics. 
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3.1 Introduction  

 

Incorporation of inorganic nanoparticles into a polymer matrix has led to composites with 

improved thermal and mechanical properties [1-3]. There are a number of recent papers reporting 

on thermal degradation studies on poly(methyl methacrylate) (PMMA) containing boehmite, 

alumina, iron oxide and different clays [4-9]. It was found that metal oxides have a pronounced 

effect on the morphology, as well as mechanical and thermal behaviour of PMMA. Some authors 

found that the well dispersed metal oxide nanoparticles in PMMA improved its mechanical 

properties, and increased its thermal stability and activation energy of thermal degradation [5-8]. 

These observations were attributed to strong interfacial interaction and stabilization of the free 

radicals by the inorganic compounds. However, Laachachi et al., in their investigation of PMMA 

nanocomposites with organically modified clays, found a decrease in the thermal stability of 

PMMA and attributed it to a catalytic effect of the clays on PMMA degradation [9]. 

 

The introduction of titania (TiO2) into a PMMA matrix received much attention due to 

improvements in the glass transition and thermal stability of the composites. Several methods 

have been used to prepare poly(methyl methacrylate)-titania (PMMA-TiO2) nanocomposites, 

including ex-situ sol-gel polymerization, radical polymerization and solution mixing [2,3,10]. 

For nanocomposites prepared via in situ bulk polymerization it was found that the presence of 

TiO2 retarded the thermal decomposition of the polymer [11]. This was attributed to the excellent 

interaction of the polymer chains with the TiO2 nanoparticles and the barrier effect to the 

evaporation of small molecules generated during the thermal decomposition of the PMMA 

matrix. The opposite trend, where the presence of TiO2 in a PMMA matrix did not enhance the 

thermal stability, was also observed and it was associated with the evaporation of physisorbed 

water [12]. Storage and loss modulus, glass transition temperature (Tg), pendulum hardness and 

activation energy of the thermal degradation of the nanocomposites increased with increasing 

TiO2 content in PMMA-TiO2 nanocomposites [13]. It was also found that the presence of TiO2 in 

the PMMA matrix could lead to a decrease in Tg [2]. The decrease in this case was associated 

with significant formation of agglomerates and poor interaction. In another study the decrease in 

Tg was attributed to the increased length of the polymer chains grown from the nanoparticles due 

to increased polymerization time [14]. 
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PMMA-TiO2 nanocomposites prepared via solution mixing were also investigated [15,16]. The 

nanocomposites showed significant improvement in mechanical performance, thermal stability, 

glass transition temperature and activation energy of thermal degradation of the PMMA. Similar 

results were found for PMMA-TiO2 nanocomposites prepared through extrusion and rheometer 

mixing [17-19]. In these cases the titania was synthesized and modified by pure catechol. The 

improvement in the properties was attributed to good interfacial interaction and nanoparticles 

dispersion, which led to immobilization of the polymer chains. In contrast, the unmodified 

nanoparticles showed a decrease in glass transition which was linked to repulsive interaction 

with the surrounding polymer chains [15]. 

 

A review paper on the photoinduced reactivity of titanium dioxide [20] discusses the differences 

between anatase and rutile titania, all of which may cause the nanoparticles of these two titania 

phases to interact differently when incorporated into a polymer matrix. First of all the exposed 

planes of these nanoparticles are different because, although both anatase and rutile titania have 

octahedral structures, anatase titania can be regarded to be built up from octahedrals that are 

connected by their vertices, while in rutile titania the edges are connected. Further it was found 

that the anatase phase has a different oxygen vacancy than the rutile phase, as well as higher 

electron mobility, lower dielectric constant, lower density, lower deposition temperature and 

lower surface energy. Both these titania phases were found to have catalytic properties. 

 

Most of the reported studies concentrated on commercial anatase titania incorporated in PMMA, 

while little information was provided regarding incorporation of the rutile phase into PMMA. No 

systematic comparison of the properties of PMMA-TiO2 nanocomposites, containing 

respectively anatase and rutile titania, has been reported in literature. The purpose of this study 

was to prepare PMMA-TiO2 nanocomposites, containing anatase and rutile titania respectively, 

through melt compounding, and analysing the sample morphologies as well as their degradation 

and thermomechanical behaviour. The fillers were prepared by using sol-gel combustion 

methods. The nanoparticles and the composites were characterized using oriented finite element 

analysis (OFE), X-ray diffractometry (XRD), transmission electron microscopy (TEM), 13C 

cross-polarization magic-angle spinning nuclear magnetic resonance spectrometry (13C{1H} CP-
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MAS NMR), including the measurement of proton spin-lattice relaxation time in the rotating 

frame (T1ρ(H)), in the laboratory frame (T1(H)) and cross polarization times (TCH), dynamic 

mechanical analysis (DMA), thermogravimetric analyses (TGA), and TGA-Fourier-transform 

infrared spectroscopy (TGA-FTIR). 

 

3.2 Experimental 

 

3.2.1 Materials  

 

Titanium isopropoxide (Ti(i-OPr)4, Sigma Aldrich), nitric acid (Sigma Aldrich), and glycine  

(Sigma Aldrich) were used as received. Conductivity grade water (resistance = 18.1 MΩ) was 

used. Commercial grade poly(methyl methacrylate) (PMMA, Altuglas V920T) produced by 

Bayer Materials Science, Italy, having a melt flow rate at 230 °C/3.8 kg of 1g/10 min, and an Mw 

= 350 000, was used in pellet form. The polymer was dried at 120 °C overnight under static 

vacuum before processing.  

 

3.2.2 Titania preparation 

 

Titania was prepared by the sol-gel combustion of aqueous solutions containing TiO(NO3)2, as 

precursor, and glycine as fuel. Titanium isopropoxide, Ti(i-OPr)4, was hydrolyzed for 1 hour 

under magnetic stirring to obtain titanyl hydroxide, TiO(OH)2. The obtained titanyl hydroxide 

was reacted with nitric acid (1 h) to produce an aqueous solution of titanyl nitrate [TiO(NO3)2] 

that was used as the precursor for the synthesis of titania. The molar ratio Ti(i-OPr)4:H2O and of 

TiO(OH)2:HNO3 was fixed at 1:4. The aqueous solution of titanyl nitrate was mixed with glycine 

(glycine:titanyl nitrate molar ratio = 2) and ammonium nitrate (glycine:NH4NO3 molar ratio = 

0.5) followed by heating in an oven at 80 °C until complete dehydration. The obtained gel was 

ignited in an electric furnace at 450 °C. Once ignited, the combustion process was completed in a 

very short time (5 min) with the appearance of flame. After the synthesis, the slightly 

agglomerated titania powder was divided in two parts that were thermally treated in air for two 

hours at 200 °C and at 600 °C in order to crystallize the anatase and rutile phases, respectively. 

After the treatment, the colours of the powders were black and white, respectively. 
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3.2.3 Preparation of the nanocomposites 

 

The PMMA pellets were thoroughly mixed with 1, 2 and 5 wt.% titania for 10 min at 200 °C and 

30 rpm in a 50 mL internal mixer of a Brabender Plastograph (Duisburg, Germany). The mixed 

samples were melt-pressed into 1 mm thick sheets at 200 °C for 5 min. 

 

3.2.4 Analysis methods 

 

Oriented finite element analysis (OFE) was carried out on a Carlo Erba EA 1110 apparatus in 

order to determine the residual carbon content in the titania particles. 

 

Transmission electron microscopy (TEM) micrographs were acquired by using a JEM-2100 

(JEOL, Japan) electron microscope, equipped with an X-ray energy dispersive spectrometer 

(EDS, Oxford, model INCA ENERGY-200T) for analysis of elements, operating at a 200 kV 

accelerating voltage. A few tens of a milligram of the powders were dispersed in 2 mL of 

isopropanol and a small drop of the dispersion was deposited on a 300 mesh carbon-coated 

copper grid, which was introduced into the TEM analysis chamber after complete solvent 

evaporation. Thin nanocomposite samples of about 50 nm in thickness were cut using a Leica 

EM UC6 ultramicrotome equipped with a Leica EMFC6 cryocamera and a diamond blade. The 

thin samples thus obtained were deposited onto the copper grids. 

 

X-ray powder diffraction (XRD) patterns were recorded in the 2-70° 2θ range at steps of 0.05°  

and a counting time of 5 s/step on a Philips PW 1050 diffractometer, equipped with a Cu tube 

and a scintillation detector beam. The X-ray generator worked at 40 kV and 30 mA. The 

instrument resolution (divergent and antiscatter slits of 0.5°) was determined using standards free 

from the effect of reduced crystallite size and lattice defects. Diffraction patterns were analyzed 

according to the Rietveld method [21] using the programme MAUD [22]. 

 

The   13C 1H CP-MAS NMR spectra were obtained at room temperature with a Bruker Avance 

II 400 MHz (9.4 T) spectrometer operating at 100.63 MHz for the 13C nucleus with a MAS rate 
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of 10 kHz, 400 scans, a contact time of 1.5 s and a repetition delay of 2 s. Optimization of the 

Hartmann-Hahn condition [23] was obtained using an adamantine sample. Each sample was 

placed in a 4 mm zirconia rotor with KEL-F caps using silica as filler to avoid inhomogeneities 

inside the rotor. The proton spin–lattice relaxation time in the rotating frame T1ρ(H) was 

indirectly determined, with the variable spin lock (VSL) pulse sequence, by carbon nucleus 

observation using a 90°–τ–spin-lock pulse sequence prior to cross-polarization [24]. The data 

acquisition was performed by 1H decoupling with a delay time, τ, ranging from 0.1 to 7.5 ms and 

a contact time of 1.5 ms. The TCH values for all the carbon signals of PMMA were obtained 

through variable contact time (VCT) experiments [25]. The contact times used in the (VCT) 

experiments were 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 

5.0, 6.0 and 7.0 ms. The proton spin–lattice relaxation time in the laboratory frame T1(H) was 

determined, with the saturation recovery pulse sequence [26], by the carbon nucleus observation 

using a 90°–τ–90° pulse sequence prior to cross polarization with a delay time τ ranging from 

0.01 to 3 s. 

 

The dynamic mechanical analysis (DMA) of the composites were performed from 40 to 180 ºC 

in the bending mode at a heating rate of 5 ºC min-1 and a frequency of 1 Hz using a Perkin Elmer 

Diamond DMA (Waltham, Massachusetts, U.S.A.). 

 

Thermogravimetric analysis (TGA) was performed in a Perkin Elmer TGA7 (Waltham, 

Massachusetts, U.S.A.). The analyses were done under flowing nitrogen at a constant flow rate 

of 20 mL min-1. Samples (5-10 mg) were heated from 25 to 600 °C at heating rates of 3, 5, 7 and 

9 °C min-1. The degradation kinetics analyses were done using the following two methods [27]. 

The Ozawa-Flynn-Wall method is an isoconversional linear method based on the equation: 

ln
RT

E
c a052.1    (1)  

where   = heating rate in K min-1, c is a constant, aE  = activation energy in kJ mol-1, R  = 

universal gas constant, and T = temperature in K. The plot of log  vs. 
T

1
, obtained from the 

TGA curves recorded at several heating rates, should be a straight line. The activation energy can 
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be evaluated from its slope. The second method is Kissinger-Akahira-Sunose which it is based 

on the equation 

RT

E

gE

AR

T
a

a




 )
)(

ln()ln(
2 


  (2) 

where   = fraction of conversion (defined as mass loss at respective temperature), A  = pre-

exponential factor and )(g = algebraic expression for integral methods. From the TGA curves 

recorded at different heating rates β, temperatures T were determined at the conversions α = 10% 

- 90%. The activation energies were calculated from the slope of the straight lines of )ln(
2T


 

versus
T

1
. 

 

The TGA-FTIR analyses were performed in a Perkin Elmer STA6000 simultaneous thermal 

analyzer (Waltham, Massachusetts, U.S.A.). The analyses were done under flowing nitrogen at a 

constant flow rate of 20 mL min-1. Samples (20-25 mg) were heated from 30 to 600 °C at 10° C 

min-1 and held for 4 min at 600 °C. The furnace was linked to the FTIR (Perkin Elmer Spectrum 

100, Waltham, Massachusetts, U.S.A.) with a gas transfer line. The volatiles were analyzed over 

a 400-4000 cm-1 wavenumber range at a resolution of 4 cm-1. The FTIR spectra of the volatiles 

emitted at different temperatures during the degradation process were recorded in the 

transmittance mode. 

 

3.3 Results and discussion 

 

3.3.1 Elemental analysis 

 

The elemental analysis performed on the powders show that nitrogen, carbon and hydrogen were 

present in the powders due to an incomplete combustion reaction between the glycine and the 

nitrate (Table 3.1). Their quantities were low and decreased at higher temperatures. The presence 

of carbon explains the black color of the powders treated at 200 °C. 
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Table  3.1 Elemental analysis of calcined powders 

Sample Nitrogen / wt% Carbon / wt% Hydrogen / wt% 

Un-calcined 1.05 1.57 0.86 

Titania treated at 200 °C 1.08 0.92 1.02 

Titania treated at 600 °C 0.28 0.15 _ 

 

 

3.2.2 X-ray diffraction (XRD) 

 

The XRD patterns of the TiO2 powder treated at 200 °C and 600 °C, pure PMMA, and their 

respective composites containing 2 and 5 wt.% of fillers are shown in Figure 3.1. The peak 

profile of the TiO2 powder treated at 200 °C is very broad, thus accounting for the 

nanocrystalline condition of the materials with, probably, a large lattice disorder. Rietveld 

analysis [21] of the spectrum has been performed on the XRD patterns of the two powders. The 

sample treated at 200°C is constituted of a pure anatase phase [S.G. I41/amd, a = 3.771(±1) Å 

and c = 9.484(±1) Å, Z = 4] with an average crystallite size of ca 640±20 Å, while the powder 

treated at 600 °C is described in terms of two crystalline phases: 99±1 wt.% of tetragonal rutile 

[S.G. P42/mnm, a = 4.5933 (±1) Å and c = 2.9592±1 Å, average crystallite size 1070±20 Å and 

2±1 wt.% of orthorhombic brookite [S.G. Pcab, a = 5.4558 (±1) Å, b = 9.1819 (±1) Å and c = 

5.1429 (±1) Å, average crystallite size 200±10 Å]. In both powders a small quantity of 

amorphous carbon is present. 

 

The diffraction pattern of PMMA shows a broad diffraction peak at 2θ = 14°, typical of an 

amorphous material, together with two bands of lower intensities centred at 29.7° and 41.7°. The 

XRD spectrum of the nanocomposites shows the bands observed in PMMA together with the 

peaks of the fillers, the intensity of which increases with increasing quantity. This confirms that 

the filler maintained its structure in the composite, and that the orientation of the PMMA chains 

was also not influenced during the nanocomposite preparation process as occurred in other 

composites [28]. 
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Table 3.2 Relaxation time values for all the peaks in the 13C spectra of the PMMA and 

the two composites having 5 wt% of filler 

 

 T1H (s) T1ρH (ms) TCH (µs) 

ppm PMMA Anatase- 
PMMA 

Rutile-
PMMA 

PMMA Anatase- 
PMMA 

Rutile-
PMMA 

PMMA Anatase- 
PMMA 

Rutile-
PMMA 

178 0.70 ± 
0.02 

0.67 ± 
0.01 

0.74 ± 
0.01 

18.1 ± 
0.5 

24.7 ± 0.6 17.2 ± 
0.6 

1306 ± 
167 

971 ± 95 1053 ± 
95 

56 0.71 ± 
0.03 

0.68 ± 
0.02 

0.72 ± 
0.02 

20.4 ± 
0.9 

24.1 ± 0.9 20.3 ± 
0.9 

254 ± 
79 

126 ± 14 112 ± 20 

52 0.71 ± 
0.01 

0.68 ± 
0.01 

0.70 ± 
0.01 

16.2 ± 
0.2 

19.8 ± 0.1 20.4 ± 
0.1 

339 ± 
42 

275 ± 27 285 ± 21 

45 0.71 ± 
0.01 

0.67 ± 
0.01 

0.69 ± 
0.01 

17.0 ± 
0.2 

20.1 ± 0.1 19.2 ± 
0.1 

614 ± 
33 

375 ± 22 652 ± 17 

17 0.71 ± 
0.01 

0.66 ± 
0.01 

0.69 ± 
0.01 

19.3 ± 
0.4 

22.7 ± 0.3 17.1 ± 
0.3 

320 ± 
36 

269 ± 21 328 ± 16 

 

The presence of the fillers in the PMMA matrix slightly modifies only the T1(H) values for the 

PMMA-TiO2 (rutile) having 5 wt.% of TiO2. This indicates that the materials were dynamically 

homogeneous in a range from tens to hundreds of nanometres. An increase in T1ρ(H) values was 

observed for the PMMA-TiO2 (anatase) composite. In particular, the bigger effect involved the 

carbonyl carbons. The presence of rutile TiO2 did not significantly affect the T1ρ(H) values. The 

T1ρ(H) parameter is inversely proportional to the spectral density of motion in the kHz frequency 

region which reflects the dynamic behaviour of a polymeric chain in a range of a few 

nanometres. Larger T1ρ(H) values result from an increase in the stiffness of a polymer.  

 

The decrease in TCH values for the PMMA-TiO2 (anatase) composite indicates that there is an 

increase in the heteronuclear dipolar interactions between the carbons and the surrounding 

hydrogen nuclei. This is evidence that the presence of the anatase TiO2 into the PMMA matrix 

made the polymer structure more rigid. This rigidity increase favoured the cross polarization 

mechanism yielding smaller TCH values. The presence of rutile TiO2 in PMMA gave rise to 

similar, but less intense, effects.  
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3.3.5 Dynamic mechanical analysis (DMA) 

 

The storage modulus of the pure PMMA, as well as those of PMMA-TiO2 (anatase) and PMMA-

TiO2 (rutile) composites having 1, 2 and 5 wt.% of TiO2, are reported in Figures 3.7 and 3.8. The 

presence of anatase TiO2 does not show much influence on the storage and loss modulus at lower 

temperatures, but these values are observably higher above the glass transition (Figures 3.7a and 

3.7b). This suggests that the particles immobilized the polymer chains at higher temperatures, 

probably due to the increase in rigidity (as observed from the NMR results), although the higher 

carbon content in the particles could also have played a role. Figure 3.8a shows that 1 and 2% 

rutile TiO2 reduced the storage modulus values between 40 and 90 °C, probably because of a 

plasticizing effect of the titania nanoparticles on the PMMA matrix (the TEM results show less 

agglomeration in the case of the rutile titania nanoparticles), while 5 wt.% rutile TiO2 increased 

the storage modulus above the glass transition. It seems as if effective immobilization of the 

polymer chains only takes place at higher rutile titania content, which is in line with the NMR 

results that indicated less intense interaction between PMMA and rutile titania. The loss modulus 

curves follow the same trend (Figure 3.8b). Whatever the reason for the increased storage 

modulus, the difference in carbon content between the rutile and anatase phases, as confirmed 

through elemental analysis, could also have contributed to the differences in modulus. 

 

The glass transition temperature of PMMA generally increased in the anatase titania containing 

nanocomposites (Figure 3.7c). In the nanocomposites containing rutile titania, only the 

composite with 5% rutile titania showed a significant increase in the glass transition temperature. 

These results were unexpected compared to the NMR results, which suggested strong interaction 

between anatase titania and PMMA. Although these results and the TCH values obtained by NMR 

do not seem to support each other, it should be realized that the TCH values reflect the dipolar 

interactions within a nanometer scale and can therefore not be strictly correlated with the bulk 

thermal mechanical properties. On the other hand, the T1H relaxation time values, which 

describe the dynamic behaviour of macromolecules within a larger scale, are slightly higher for 

the 95/5 w/w PMMA-TiO2 (rutile) than for those of the neat PMMA and the PMMA-TiO2 

(anatase) samples, suggesting an increase in matrix stiffness which is in line with the DMA 

results. 
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3.3.6 Thermogravimetric analysis (TGA) 

 

The TGA curves of all the samples are reported in Figure 3.9. They all show a single-step 

degradation and an increase in char content with an increase in the titania amount. The 

degradation temperatures for the anatase titania system slightly moves to higher values with 

increasing nanoparticle content, whereas there was no significant change for the rutile titania 

system. This could be related to the interaction between the anatase titania and PMMA, 

according to NMR findings, which led to immobilization of free radical chains formed during 

degradation and/or hindering of the diffusion of volatile decomposition products. The results 

support the NMR observation in which the presence of anatase titania showed a more significant 

influence on polymer chain mobility than the rutile titania. Different authors suggested different 

mechanisms for the thermal stability improvement. Wang et al. [1], in their study of PMMA-

silica/zirconia nanocomposites, explained the improvement in thermal stability as being the 

result of the formation of networks of polymer chains and inorganic moieties which may restrain 

the movement of free radicals. In another study on PMMA-titania nanocomposites [30] they 

confirmed their view of radical trapping being the main degradation stabilization mechanism.  

However, Laachachi et al. [31] proposed the restriction of polymer chain mobility as the 

mechanism for improvement in thermal stability. It therefore seems as if the issue has not been 

resolved yet, and it is quite possible that the improvement in thermal stability may be the result 

of a combination of radical trapping and polymer chain immobilization. 
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3.4 Conclusions  

 

Two types of titania, anatase and rutile, were successfully prepared and their structures were 

confirmed by XRD. Elemental analysis evidenced the presence of different carbon contents in 

these two types of nanoparticles. PMMA-titania nanocomposites with both types of nanoparticles 

were prepared. TEM analysis showed that both rutile and anatase titania were well dispersed into 

the PMMA matrix (although that of rutile titania was slightly better) and did not change the 

amorphous structure of the PMMA. The fillers had different effects on the polymer chain 

mobility. NMR results showed different extents of interaction between PMMA and the two 

different types of titania. The two types of titania nanoparticles had slightly different influences 

on the thermomechanical properties of PMMA, as well as its degradation kinetics. These were 

probably the result of differences in particle size, extent of agglomeration, crystalline structure 

and carbon content. The quantification of the influence of these differences on the respective 

properties of the PMMA nanocomposites will be the subject of a separate study.  
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Chapter 4 

 

Morphology, mechanical properties and thermal degradation kinetics of PMMA-zirconia  

nanocomposites prepared by melt compounding 

 

This chapter has been published as: 

T.E. Motaung, A.S. Luyt, M.L. Saladino, D.C. Martino, E. Caponetti. Morphology, mechanical 

properties and thermal degradation kinetics of PMMA-zirconia composites prepared by melt 

compounding. eXPRESS Polymer Letters 2012; 6:871-881 

 

Abstract 

 

Zirconia nanoparticles were synthesized by means of a sol-gel method and embedded in 

poly(methyl methacrylate) (PMMA) by melt compounding. The zirconia was well dispersed in 

the PMMA matrix, with only a few clusters, especially for the highest investigated zirconia 

content. NMR results showed heteronuclear dipolar interactions involving the carbons and the 

surrounding hydrogen nuclei. The effect of the amount of zirconia, in the range of 1-5 wt.%, on 

the thermomechanical properties and thermal degradation kinetics of PMMA was also 

investigated by means of dynamic mechanical analysis (DMA), thermogravimetric analyses 

(TGA), and Fourier-transform infrared spectroscopy (FTIR). The presence of zirconia showed a 

decrease in the storage and loss moduli at lower temperatures, probably due to a plasticization 

effect. The presence of zirconia in PMMA slightly increased its thermal stability, but the 

activation energies of thermal degradation for the nanocomposites were significantly lower, at 

degrees of conversion higher than 0.3, than those of pure PMMA. 

 

Keywords: PMMA; zirconia; nanocomposites; morphology; dynamic mechanical analysis; 

thermal degradation 
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4.1       Introduction 

 

Nanocomposite materials, based on a polymer matrix and inorganic nanoparticle fillers, have 

drawn considerable attention in recent years, due to improvements in various properties 

including electrical, thermal, optical and other mechanical properties [1-5]. Poly(methyl 

methacrylate)/zirconia (PMMA-ZrO2) is one of the most important nanocomposites that has been 

applied for the increasing demands of optical waveguides, ophthalmic lenses, antireflection 

coatings and adhesives for optical components. Several methods including in situ 

polymerization, sol-gel methods for the preparation of nanoparticles, and in situ emulsion 

polymerization have been used to prepare the nanocomposites. FTIR, TEM and UV 

investigations showed that zirconia nanoparticles were generally homogeneously dispersed in the 

polymer matrix at primary particle size level and that the composites were transparent [6-12]. 

 

TGA analyses of PMMA-ZrO2 nanocomposites in air and nitrogen atmospheres, where a sol-gel 

method was used for the preparation of the nanocomposites, showed three degradation steps with 

the thermal stability increasing in the presence of zirconia [10,11]. However, the onset 

temperatures of the second step in nitrogen and of the third step in air of the nanocomposites 

were lower. This was related to different mechanisms of thermal degradation in air and nitrogen 

atmospheres. The kinetic results showed that the values of activation energy (Ea) for the 

degradation of the nanocomposites in air were higher than that of pure PMMA. In nitrogen the Ea 

values of thermal degradation for first and the last stages were larger than that of PMMA. The 

increase was associated with the action of the nanoparticles to inhibit the formation of free 

radicals. A similar reason was given by Wang et al. [13] in a study of synergistic flame-retarded 

systems consisting of nano-ZrO2 and triphenylphosphate for PMMA prepared by a solution 

mixing process. They observed more significant increases in the thermal stability of the PMMA-

ZrO2 nanocomposites in air than in nitrogen. 

 

DMA analysis of PMMA-ZrO2 nanocomposites prepared via in situ emulsion polymerization, 

showed higher storage and loss moduli, glass transition (Tg) and elastic modulus than PMMA in 

the glassy state [6-8,12]. This was related to the reinforcing effect of the zirconia nanoparticles. 

However, in the rubbery state, the PMMA modulus was independent of the filler content, which 
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was attributed to the weak interaction between the polymer and filler at high temperatures. It was 

found that the pendulum hardness of PMMA-ZrO2 nanocomposites quickly increased with 

increasing ZrO2 content, even for low content, and that there was steady increment of scratch 

resistance with increasing zirconia content. The hardness and abrasion behaviour was attributed 

to the gel effect on PMMA-ZrO2 nanocomposites by ZrO2 nanoparticles during polymerization. 

 

Hu et al. [10] prepared PMMA-ZrO2 nanocomposites by modifying non-aqueous synthesized 

ZrO2 nanoparticles with methacryloxypropyltrimethoxysilane (MPS) in tetrahydrofuran, 

dispersing MPS-functionalized ZrO2 nanoparticles in MMA and performing in situ bulk 

polymerization with controlled pre-polymerization time. They found that the ZrO2 enhanced 

rigidity without loss of toughness, though not remarkable. This was attributed to bonding 

between the polymer and the functionalized zirconia. The results were in line with the study of 

Hu et al. [6], where an increase in elastic modulus was observed.  

 

The purpose of this study was to prepare PMMA-ZrO2 nanocomposites through a melt 

compounding method. Zirconia was prepared using a sol-gel method. Both nanoparticles and 

composites were characterized using X-ray diffractometry (XRD), transmission electron 

microscopy (TEM), 13C cross-polarization magic-angle spinning nuclear magnetic resonance 

(13C{1H} CP-MAS NMR), dynamic mechanical analysis (DMA), thermogravimetric analyses 

(TGA), and Fourier-transform infrared (FTIR) spectroscopy. The effect of the presence and 

amount of zirconia nanoparticles on the thermal and mechanical properties, as well as the 

thermal degradation kinetics, of the PMMA will be discussed. 

 

4.2 Experimental 

 

4.2.1 Materials  

 

Tetra-n-propylzirconate (TPZ, Aldrich), capronic acid (Aldrich), ethanol (Eurobase), ammonium 

hydroxide (NH4OH, Aldrich) were used as received without further purification. Commercial 

grade poly(methyl methacrylate) (PMMA, Altuglas V920T) produced by Bayer Materials 

Science, Italy and having a melt flow rate at 230 °C/3.8 kg of 1g/10 min, and an Mw = 350 000, 
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was used in pellet form. The polymer was dried at 120 °C overnight under static vacuum before 

processing.  

 

2.2.2 Zirconia preparation 

 

The ZrO2 nanoparticles were prepared according to the sol-gel method reported by Bondioli et al. 

[14]. 

 

4.2.2 Preparation of the composites  

 

The PMMA pellets were thoroughly mixed with 1, 2 and 5 wt.% zirconia for 10 min at 200 °C 

and 30 rpm in a 50 mL internal mixer of a Brabender Plastograph from Duisburg, Germany. The 

mixed samples were melt-pressed into 1 mm thick sheets at 200 °C for 5 min. 

 

4.2.3 Analysis methods 

 

Oriented finite element analysis (OFE) was carried out on a Carlo Erba EA 1110 apparatus in 

order to determine the residual carbon content in the zirconia particles. 

 

TEM micrographs were acquired by using a JEM-2100 (JEOL, Japan) electron microscope 

operating at 200 kV accelerating voltage equipped with an X-ray energy dispersive spectrometer 

(EDS, Oxford, model INCA ENERGY-200T) for analysis of elements. Few tens of milligrams of 

powders were dispersed in 2 mL of isopropanol and a small drop of the dispersion was deposited 

on a 300 mesh carbon-coated copper grid, which was introduced into the TEM chamber analysis 

after the complete solvent evaporation. Nanocomposite thin samples of about 50 nm in thickness 

were cut using a Leica EM UC6 ultramicrotome equipped with a Leica EMFC6 cryocamera and 

a diamond blade. The thin samples thus obtained were deposited onto copper grids. 

 

XRD patterns were recorded in the 2-70° 2θ range at steps of 0.05°  and a counting time of 5 

s/step on a Philips PW 1050 diffractometer, equipped with a Cu tube and a scintillation detector 

beam. The X-ray generator worked at 40 kV and 30 mA. The instrument resolution (divergent 
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and antiscatter slits of 0.5°) was determined using standards free from the effect of reduced 

crystallite size and lattice defects. Diffraction patterns were analyzed according to the Rietveld 

method [15] using the programme MAUD [16]. 

 

The   13C {1H} CP-MAS NMR spectra were obtained at room temperature with a Bruker Avance 

II 400 MHz (9.4 T) spectrometer operating at 100.63 MHz for the 13C nucleus with a MAS rate 

of 10 kHz, 400 scans, a contact time of 1.5 s and a repetition delay of 2 sec. The optimization of 

the Hartmann-Hahn condition [17] was obtained using an adamantine sample. Each sample was 

placed in a 4 mm zirconia rotor with KEL-F caps using silica as filler to avoid inhomogeneities 

inside the rotor. The proton spin–lattice relaxation time in the rotating frame T1ρ(H) was 

indirectly determined, with the variable spin lock (VSL) pulse sequence, by the carbon nucleus 

observation using a 90°–τ–spin-lock pulse sequence prior to cross-polarization [18]. The data 

acquisition was performed by 1H decoupling with a delay time, τ, ranging from 0.1 to 7.5 ms and 

a contact time of 1.5 ms. The TCH values for all carbon signals of PMMA were obtained through 

variable contact time (VCT) experiments [19]. The contact times used in the (VCT) experiments 

were 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0 and 7.0 

ms. The proton spin–lattice relaxation time in the laboratory frame T1(H) was determined, with 

the saturation recovery pulse sequence [20], by the carbon nucleus observation using a 90°–τ–

90° pulse sequence prior to cross polarization with a delay time τ ranging from 0.01 to 3 s. 

 

The dynamic mechanical analysis (DMA) of the blends and composites was performed from 40 

to 180 ºC in the bending mode at a heating rate of 5 ºC min-1 and a frequency of 1 Hz using a 

Perkin Elmer Diamond DMA from Waltham, Massachusetts, U.S.A. 

 

Thermogravimetric analysis (TGA) was performed in a Perkin Elmer TGA7 from Waltham, 

Massachusetts, U.S.A. The analyses were done under flowing nitrogen at a constant flow rate of 

20 mL min-1. Samples (5-10 mg) were heated from 25 to 600 °C at different heating rates. The 

degradation kinetic analysis was done using the following two methods. The Ozawa-Flynn-Wall 

method is an isoconversional linear method based on the equation: 

ln
RT

E
c a052.1                       (1)  
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where   = heating rate in K min-1, c is constant, aE  = activation energy in kJ mol-1, R  = 

universal gas constant, and T = temperature in K. The plot of log  vs. 
T

1
, obtained from the 

TGA curves recorded at several heating rates, should be a straight line. The activation energy can 

be evaluated from its slope. The second method is Kissinger-Akahira-Sunose which it is based 

on the equation 

RT

E

gE

AR

T
a

a




 )
)(

ln()ln(
2 


                              (2) 

where  , aE , R  and T were defined before,   = fraction of conversion, A  = pre-exponential 

factor and )(g = algebraic expression for integral methods. From the TGA curves recorded at 

different heating rates β, temperatures T were determined at the conversions α = 10% ~ 90%. The 

activation energies were calculated from the slope of the straight lines of )ln(
2T


 versus

T

1
. 

The thermogravimetric analysis-Fourier-transform infrared (TGA-FTIR) analyses were 

performed in a Perkin Elmer STA6000 simultaneous thermal analyzer from Waltham, 

Massachusetts, U.S.A. The analyses were done under flowing nitrogen at a constant flow rate of 

20 mL min-1. Samples (20-25 mg) were heated from 30 to 600 °C at 10° C min-1 and held for 4 

min at 600 °C. The furnace was linked to the FTIR (Perkin Elmer Spectrum 100, Massachusetts, 

U.S.A.) with a gas transfer line. The volatiles were scanned over a 400 – 4000 cm-1 wavenumber 

range at a resolution of 4 cm-1. The FTIR spectra were recorded in the transmittance mode at 

different temperatures during the thermal degradation process. 

 

4.3 Results and discussion 

 

The elemental analysis of zirconia particles shows a significantly carbon content of 7.2 % and a 

hydrogen content of 4.4 %. These residues can be attributed to an incomplete sol-gel reaction of 

the zirconia precursor tetra-n-propylzirconate (TPZ).  

 

The XRD patterns of the ZrO2 powder, pure PMMA and of the composites are reported in Figure 

4.1. The analysis of the XRD patterns was performed using the Rietveld method [15]. The 

pattern of zirconia powder is described in terms of two crystalline phases: 80 (± 3) wt.% of 
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matrix after composite formation. The T1(H), T1ρ(H), and TCH values obtained from each peak in 

the 13C spectra of all the samples are reported in Table 4.2. The presence of the filler in the 

PMMA matrix did not significantly affect the T1(H) values. This indicates that the composite 

was dynamically homogeneous in a range from tens to hundreds of nanometres. The presence of 

the ZrO2 in the PMMA causes an increase of the T1ρ(H)  values indicating an increase in the 

polymer stiffness due to the presence of the filler. This effect is correlated with distances ranging 

from tens to hundreds of angstroms. In fact, the T1ρ(H) parameter is inversely proportional to the 

spectral density of motion in the kHz frequency region. These motions reflect the dynamic 

behaviour of a polymeric chain in a range of a few nanometres. Larger T1ρ(H) values result in an 

increase in the rigidity of a polymer. The TCH value decrease indicates that there was an increase 

in the heteronuclear dipolar interactions involving the carbons and the surrounding hydrogen 

nuclei indicating an increase in the polymer rigidity [24,25]. It is, however, possible that the 

effect is not strong enough to give rise to an observable change in a macroscopic property like 

the Tg of a polymer. 

 

Table 4.2  Relaxation time values for all the peaks in the 13C spectra of the PMMA and 

the PMMA-ZrO2 composite having the 5 wt.% of filler 

 

ppm T1 (H) (s) T1ρ (H) (ms) TCH (µs) 

 PMMA PMMA-ZrO2 PMMA PMMA-ZrO2 PMMA PMMA-ZrO2

178 0.70 ± 0.02 0.71 ± 0.02 18.1 ± 0.5 22.9 ± 0.9 1306 ± 167 1105 ± 126 

56 0.71 ± 0.03 0.70 ± 0.03 20.4 ± 0.9 19.5 ± 0.7 254 ± 79 185 ± 26 

52 0.71 ± 0.01 0.70 ± 0.01 16.2 ± 0.2 20.7 ± 0.3 339 ± 42 268 ± 22 

45 0.71 ± 0.01 0.69 ± 0.01 17.0 ± 0.2 19.6 ± 0.3 614 ± 33 713 ± 41 

17 0.71 ± 0.01 0.74 ± 0.02 19.3 ± 0.4 21.9 ± 0.3 320 ± 36 261 ± 21 
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4.4 Conclusions 

 

Zirconia was successfully prepared by a sol-gel method and XRD analysis confirmed that the 

powder was composed of a mixture of tetragonal and monoclinic Baddeleyite. The elemental 

analysis showed evidence of the presence of carbon in the powder. PMMA-zirconia 

nanocomposites were prepared using a melt compounding method and were systematically 

investigated as a function of zirconia amount from 1 to 5 wt.%. The XRD results showed that the 

zirconia nanoparticles maintained their structure and did not induce orientation of the PMMA 

chains. TEM analysis showed that the nanoparticles were well dispersed in the PMMA matrix, 

with some agglomerates, especially for the highest investigated zirconia content. NMR analysis 

indicated that the filler increased the rigidity of the polymer. 

 

The char content values from TGA confirmed the homogenous dispersion by zirconia 

nanoparticles within PMMA matrix at low zirconia contents. The degradation of the polymer and 

the release of volatile products occurred at higher temperatures in the presence of zirconia and an 

increase in zirconia content showed negligible influence on the thermal stability of PMMA. The 

presence of the nanoparticles also reduced the activation energy of degradation of PMMA at 

higher conversions. 
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Chapter 5 

 

The effect of silica nanoparticles on the morphology, mechanical properties and thermal  

degradation kinetics of polycarbonate 

 

This chapter has been accepted as a publication: 

T.E. Motaung, M.L. Saladino, A.S. Luyt, D. Chillura Martino. The effect of silica nanoparticles 

on the morphology, mechanical properties and thermal degradation kinetics of polycarbonate. 

Composites Science and Technology (In press) 

 

Abstract 

Polycarbonate/silica nanocomposites with different silica quantities were prepared by a melt 

compounding method. The effect of silica amount, in the range 1-5 wt.%, on the morphology, 

mechanical properties and thermal degradation kinetics of polycarbonate (PC) was investigated. 

Clusters of silica nanoparticles were well dispersed in the polycarbonate whose structure 

remained amorphous. NMR results showed intermolecular interactions involving the carbonyl 

groups of different polymeric chains which did not affect the intramolecular rotational motions. 

The presence of the lowest silica content showed a decrease in the storage and loss moduli below 

the glass transition temperature, probably due to a plasticization effect. However, an increase in 

the amount of silica increased the moduli. The presence of silica in PC slightly increased the 

thermal stability, except for the highest silica content which showed a decrease. The activation 

energies of thermal degradation for the nanocomposites depended on the amount of silica and on 

the degree of conversion. 

 

Keywords:   

A. Polymer-matrix composites (PMCs); A. Nano-composites; B. Mechanical properties; B. 

Thermal properties. 
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5.1 Introduction 

 

Polycarbonate (PC) nanocomposites are a very attractive material for a range of industrial 

applications due to the unique properties that can be observed when compared to conventional 

composites. The incorporation of small amounts of metal oxide nanoparticles into the polymer 

matrices was found to remarkably improve dimensional stability, and the mechanical, thermal, 

optical, electrical, and gas barrier properties, as well  as to decrease the flammability [1-6]. PC-

silica nanocomposites, prepared by various methods, attracted the attention of many institutions 

due to their improved transparency and mechanical properties [7,8].  

 

The preparation of the nanocomposites by a simple one-step injection molding process showed 

the presence of primary silica nanopowders, together with some small nanocluster aggregates, 

well dispersed in the polymer matrix [7,8]. The dispersion was related to a possible chemical 

bonding between the organic and inorganic phases. The glass transition temperature (Tg) of the 

PC was found to increase with the addition of 5 wt.% silica nanopowder. The results also showed 

that the incorporation of silica nanopowders enhanced the thermal stability of the polymer where 

the chain segment motion was restricted by the interfacial-particle interactions between the 

surface functionalized-silica nanopowders and the polymer molecules [7].  

 

Other studies indicated that the increase in silica content in a PC matrix prepared by sol-gel led 

to a decrease in both the glass transition temperature and the thermal stability. The observation 

was related to the presence of a steric hindrance on the formation of a silica network [9,10]. Well 

dispersed aggregates were observed and the size of the SiO2 domains increased with increasing 

amount of TEOS in sol-gel prepared nanocomposites [9,10].  

 

The PC-silica nanocomposites at lower loading of modified silica prepared by melt mixing 

showed an enhancement in thermal stability, an increase in storage modulus, scratch resistance, 

and hardness compared to pristine PC. This was related to the reduced particle-particle 

interactions dominated by hydrogen bonding ensued from the hydroxide groups on the silica 

surface and the carbonyl groups in the PC [8,11]. 
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A similar reason was given for the increased storage modulus of the nanocomposites prepared by 

solution mixing [12]. However, the storage modulus values showed no significant difference 

between the samples containing unmodified and modified silica. This observation was also 

related to hydrogen bonding. The volumetric strain was also investigated at the cross-section 

where the necking dominates. The results showed that the filler brought significant differences in 

the onset and propagation of necking and those where related to a disrupted molecular structure 

of the polymer by the filler.  

 

The aim of this work was to investigate the thermal, mechanical and degradation behavior of PC-

silica nanocomposites as function of silica loading. PC-SiO2 nanocomposites were prepared 

through a melt compounding method by using chemically modified SiO2 nanoparticles. Both 

nanoparticles and composites were characterized using transmission electron microscopy (TEM), 

X-ray diffractometry (XRD), dynamic mechanical analysis (DMA), thermogravimetric analyses 

(TGA), and 13C cross-polarization magic-angle spinning nuclear magnetic resonance (13C{1H} 

CP-MAS NMR).  

 

5.1.1 Experimental 

 

5.2.1 Materials 

 

AEROSIL® R972 (R972, Degussa, Germany) is a hydrophobic silica having chemically surface 

bonded methyl groups, based on a hydrophilic fumed silica with a specific surface area of 130 

m2 g-1 and an average primary particle size of 16 nm. The silica was dried at 120 °C under static 

vacuum for a minimum of 16 hours before further use. Commercial grade bisphenol-A 

polycarbonate (PC, Makrolon 2407 produced by Bayer MaterialScience, Germany and having 

a melt flow rate at 300°C/1.2 kg of 20 g/10 min) was used in pellet form. The polymer was dried 

at 120 °C overnight under static vacuum before processing. 
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5.2.2 Composites preparation 

 

PC was thoroughly mixed with 1, 2 and 5 wt.% silica for 10 min at 240 °C and 30 rpm in the 50 

mL internal mixer of a Brabender Plastograph from Duisburg, Germany. The mixed samples 

were melt-pressed into 1 mm thick sheets at 200 °C for 5 min. 

 

5.2.3 Analysis methods 

 

TEM micrographs were acquired using a JEM-2100 (JEOL, Japan) electron microscope 

operating at 200 kV accelerating voltage. The obtained nanocomposites were cut into slices 

(thickness about 100 nm) using a Leica EM UC6 ultra-microtome. Slices were put and analysed 

in a 3 mm Cu grid “lacey carbon”. 

XRD patterns were recorded in the 2-70° 2θ range at steps of 0.05° and a counting time of 5 

s/step on a Philips PW 1050 diffractometer, equipped with a Cu tube and a scintillation detector 

beam.  

 

The dynamic mechanical properties of the composites were investigated from 40 to 180 ºC in the 

bending mode at a heating rate of 5 ºC min-1 and a frequency of 1 Hz using a Perkin Elmer 

Diamond DMA from Waltham, Massachusetts, U.S.A. The glass transition temperatures were 

determined from the peak maxima in the tan δ curves. 

 

Thermogravimetric analysis (TGA) was performed in a Perkin Elmer TGA7 from Waltham, 

Massachusetts, U.S.A under flowing nitrogen at a constant flow rate of 20 mL min-1. Samples (5-

10 mg) were heated from 25 to 600 °C at different heating rates. The degradation kinetic analysis 

was performed using the Ozawa-Flynn-Wall (OFW) and Kissinger-Akahira-Sunose (KAS) 

methods, described elsewhere [13]. The % mass loss, or mass loss fraction, was used as the 

degree of conversion in our calculations. 

 

The TGA-FTIR analyses were performed using a Perkin Elmer STA6000 simultaneous thermal 

analyzer from Waltham, Massachusetts, U.S.A, under flowing nitrogen at a constant flow rate of 

20 mL min-1. Samples (20-25 mg) were heated from 30 to 600 °C at 10° C min-1 and held for 4 



 
 

123 
 

min at 600 °C. The furnace was linked to a FTIR (Perkin Elmer Spectrum 100, Massachusetts, 

U.S.A.) with a gas transfer line. The volatiles were scanned over a 400-4000 cm-1 wavenumber 

range at a resolution of 4 cm-1. The FTIR spectra were recorded in the transmittance mode at 

different temperatures during the thermal degradation process. 
 

13C {1H} CP-MAS NMR spectra were obtained at room temperature through a Bruker Avance II 

400 MHz (9.4 T) spectrometer operating at 100.63 MHz for the 13C nucleus with a MAS rate of 

8 kHz, 500 scans, a contact time of 1.5 ms and a repetition delay of 2 sec. The optimization of 

the Hartmann-Hahn condition [14] was obtained using an adamantine sample. Each sample was 

placed in a 4 mm zirconia rotor with KEL-F caps using silica as filler to avoid inhomogeneities 

inside the rotor. The proton spin–lattice relaxation time in the rotating frame T1ρ(H) was 

indirectly determined, with the variable spin lock (VSL) pulse sequence, by the carbon nucleus 

observation using a 90°–τ–spin-lock pulse sequence prior to cross-polarization [15]. The data 

acquisition was performed by 1H decoupling with a delay time, τ, ranging from 0.1 to 7.5 ms and 

a contact time of 1.5 ms. The proton spin–lattice relaxation time in the laboratory frame T1(H) 

was determined, using the saturation recovery pulse sequence [16], by a carbon nucleus 

observation using a 90°–τ–90° pulse sequence prior to cross polarization with a delay time τ 

ranging from 0.01 to 3 s. The 13C spin–lattice relaxation time in the rotating frame T1ρ(C) was 

determined, with the variable spin lock (VSL) pulse sequence, applying the spin-lock pulse after 

the cross-polarization on the carbon channel [15]. The data acquisition was performed by 1H 

decoupling with a spin lock pulse length, τ, ranging from 0.4 to 30 ms and a contact time of 1.5 

ms. The cross polarization time TCH values for all the carbon signals of PC were obtained 

through variable contact time (VCT) experiments [17]. The contact times used in the VCT 

experiments were 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 

5.0, 6.0 and 7.0 ms.  

 

5.3 Results and discussion 

 

TEM micrographs of the SiO2 powder were reported in a previous paper [13]. Silica powder 

shows aggregates (sizes between 1 and 3 micron) constituted of a large number of nanoparticles 

of ~20 nm. The TEM micrographs of the PC-silica nanocomposite having 5 wt.% of SiO2 are 
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energy with increasing degree of conversion for PC-silica nanocomposites [13]. Like MgO, low 

quantities of silica seem to have a catalytic effect during the initial stages of the degradation. In 

our case, however, the protecting effect of the carbonaceous char is more dominant during the 

later stages of degradation. If one looks at the results of the 5% silica containing PC (Figure 5.5), 

it is clear that the catalytic effect is more dominant and the activation energies for this 

nanocomposite are clearly lower than those of the pristine PC and the 2% silica containing PC 

over the whole degree of conversion range. The values for the 5% silica containing PC also 

approach a constant value at higher degrees of conversion, which shows that the protecting effect 

of the carbonaceous char is less dominant in this case, despite the fact that the char content is the 

same than those of PC and PC-silica (2%) according to the TGA curves in Figure 5.4.  

 

TGA-FTIR analyses were done to establish the nature of the degradation product(s) of PC and 

the PC-silica nanocomposites. The FTIR spectra of the degradation products of pure PC at 

different temperatures during the degradation process are shown in Figure 5.6A. All the spectra 

almost perfectly match the known spectrum of the thermal decomposition of bisphenol-A 

polycarbonate in which CO2, phenol and bisphenol A are the main volatile products. The 

observed peaks at 3658, 2974 and 1182 cm-1 are assigned to free alcohols (aliphatic substituted 

phenol), to C-H stretching vibrations, and to the carbon hydroxyl stretching band. The peaks at 

1606, 1509 and 1257 cm-1 are assigned to the ring stretching, to skeletal vibration of phenyl 

compounds, and to the aromatic ether stretch. In addition, the peak observed in the range 2388-

2119 cm-1 and at 833 cm-1 are due to the symmetric stretching and the bending modes of CO2, 

respectively. No new peaks or peak shifts were observed for the nanocomposite samples, the 

spectra of which are reported in Figure 5.6B. The peaks at 458 ºC for the PC nanocomposite are 

more intense than those of the PC. The intensities of the peaks for PC seem to reach a maximum 

between 458 and 503 °C, while those of the nanocomposite reach a maximum at 458 °C, which 

is in line with the lower activation energies of degradation observed for the nanocomposites. 
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Table 5.1  T1(H), T1ρ(H), T1ρ(C) and TCH values for all the carbons in the 13C spectra of 

PC and the PC-SiO2 nanocomposites having 2 and 5 wt.% of filler 

 

  T1 (H) (s) T1ρ (H) (ms) 

Carbon ppm PC PC-SiO2 

(2%) 

PC-SiO2 

(5%) 

PC PC-SiO2 

(2%) 

PC-SiO2 

(5%) 

1 149 0.39 ± 0.02 0.40 ± 0.02  0.41 ± 0.03 4.9 ± 0.2 5.9 ± 0.2 5.0 ± 0.2 

2 127.5 0.41 ± 0.03 0.41 ± 0.02 0.40 ± 0.05 5.4 ± 0.2 5.8 ± 0.3 6.3 ± 0.3 

3 120 0.39 ± 0.01 0.41 ± 0.03 0.39 ± 0.01 5.2 ± 0.2 5.0 ± 0.3 4.8 ± 0.2 

4 42 0.40 ± 0.01 0.38 ± 0.03 0.38 ± 0.01 4.8 ± 0.2 5.4 ± 0.2 6.2 ± 0.3 

5 31 0.42 ± 0.01 0.38 ± 0.03 0.40 ± 0.03 4.9 ± 0.3 5.1 ± 0.3 5.3 ± 0.3 

  T1ρ (C) (ms) TCH (ms) 

Carbon ppm PC PC-SiO2 

(2%) 

PC-SiO2 

(5%) 

PC PC-SiO2 

(2%) 

PC-SiO2 

(5%) 

1 149 41 ± 0.2 41.1± 0.8 53.4 ±  0.2 1328 ± 

127 

1009 ± 53 998 ±  50 

2 127.5 10.9 ± 0.1 16.0 ±  0.3 11.5 ± 0.1 117 ± 28 127 ± 21 142 ± 14 

3 120 10.2 ± 0.2 20.3 ± 0.8 15.8 ± 0.4 64 ± 12 151 ± 21 128 ± 17 

4 42 18 ± 0.2 18.3 ± 0.4 23.5 ± 0.7 1059 ± 97 744 ± 51 737 ± 48 

5 31 19.2 ± 0.1 23.5 ± 0.3 22.3 ± 0.2 275 ± 20 207 ± 14 231 ± 17 

 

 

For each sample, the T1ρ(C) values of the carbonyl and substituted aromatic carbons are lower 

than those for the protonated aromatic, methyl and quaternary carbons. This finding suggests that 

the fast rotational motions of the methyl group and of the phenylene rings around the 1-4 axis 

modulate the lH-13C dipolar couplings thus providing the major contribution to the T1ρ 

relaxation. In particular, in the PC-silica composites loaded with 2% silica the T1ρ(C) values for 

the peaks at 149 and 42 ppm are unchanged, but increased for the peaks resonating at 127.5, 120 

and 31 ppm with respect to that of the pure PC matrix. This is evidence that the small quantity of 

silica slows down only the rotational motion of the phenylene rings. On the other hand, in the 

PC-silica composites loaded with 5% silica an increase in the T1ρ(C) values is also observed for 

the peaks at 149 and 42 ppm. This implies that the main chain motions and in particular those of 

the carbonyl carbon are hindered by the presence of silica. In this case the rotational and 
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vibrational motions of the phenylene rings are slightly slowed. These observations are due to the 

intermolecular interactions involving the carbonyl groups of different polymeric chains which do 

not affect the intramolecular rotational motions. In addition, an increase in the dipolar coupling 

TCH for the carbonyl carbons, the quaternary and the methyl carbons is observed in the PC-silica 

nanocomposites, while an opposite trend is observed for the protonated aromatic carbons. TCH 

values are related to the rate at which the magnetization transfer from protons to carbons takes 

place. This behavior thus corroborates the hypothesis of specific intermolecular interactions 

caused by the silica in the composite, and may be accountable for the differences in thermal 

degradation and thermomechanical behavior observed between the different samples. 

 

5.4 Conclusions  

 

PC-silica nanocomposites, prepared by melt compounding, were systematically investigated as a 

function of silica quantity from 1 to 5 wt.%. The silica nanoparticles, organized in clusters 

uniformly dispersed into the amorphous polymer. The polymer chain immobilization, increasing 

with the silica amount, is due to intermolecular interactions between silica and the polymer in the 

composite which do not involve the protonated aromatic carbons. The composites show the same 

degradation mechanism as pure PC. The thermal stability and the activation energy of the 

degradation process also depend on the amount of silica. In fact, the nanocomposites with silica 

loading up to 2 wt.% have a higher thermal stability and show different degradation kinetics than 

the nanocomposites with 5 wt.% silica loading.  
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Chapter 6 

 

Study of morphology, mechanical properties and thermal degradation of polycarbonate- 

titania nanocomposites as function of titania crystalline phase and content  

 

This chapter has been accepted as a publication: 

T.E. Motaung, A.S. Luyt, M.L. Saladino, E. Caponetti. Study of morphology, mechanical 

properties and thermal degradation of polycarbonate-titania nanocomposites as function of 

crystalline phase and content of titania. Polymer Composites (In press) 

 

Abstract 

 

Titania nanoparticles were prepared using a sol-gel method and calcination at 200 and 600 °C to 

obtain anatase and rutile phases, respectively. The obtained powders were used to prepare 

polycarbonate-titania nanocomposites by melt compounding. The effect of different crystalline 

phases and amounts of titania, in the range 1-5 wt.%, on the morphology, mechanical properties 

and thermal degradation kinetics of polycarbonate was investigated. The results show that the 

filler modified the plasticity or rigidity of the polymer, and influenced the degradation kinetics, 

in different ways depending on the type and amount of titania. 

 

Keywords:  Polycarbonate; Titania; Nanocomposites; Degradation kinetics; Interfacial 

interaction  

 

6.1 Introduction 

 

An organic-inorganic nanocomposite of engineering thermoplastics represents a unique set of 

mechanical, thermal and electrical properties [1-3]. Polycarbonate (PC) is an engineering plastic 

consumed widely to prepare composites due to its high strength, thermal stability and 

outstanding optical transparency. There are a number of recent papers reporting on the 

mechanical properties, thermal stability and flame retardancy on PC containing different clays, 

silica, calcium oxide, iron oxide and multi walled carbon nanotubes [4-9]. It was found that 
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metal oxides have a pronounced effect on the morphology, as well as mechanical and thermal 

behaviour, of PC. Some authors found that the well dispersed metal oxide nanoparticles in PC 

improved its surface and volume resistivity, mechanical properties, and increased its magnetic 

activity and thermal stability [4-6]. Improvements in the mechanical properties and thermal 

stability were also observed in PC nanocomposites with different clays [7-10]. These 

observations were related to the strong interaction at the polymer-filler interface.   

 

The incorporation of titanium dioxide (TiO2) in PC had attracted the attention of many scientists 

due to improved optical and mechanical properties of the final nanocomposites [11-13]. In the 

studies where nanocomposites were prepared by solution mixing, the results showed that TiO2 

was well dispersed inside the matrix, even at higher contents (about 6-11%). Several microscopic 

observations showed that the filler was not agglomerated inside the composite at all TiO2 

contents [11-14]. The refractive indices of the nanocomposites relative to that of the PC 

increased with increasing amounts of nanoparticles. This was attributed to the modification of 

the components which led to a better interfacial interaction.  

 

Imai et al. [11] found that the presence of titania (up to 42% content in PC, crystalline structure 

not specified) deteriorated the thermal stability of the nanocomposites. The same results were 

found by Gupta et al. [14] and the behaviour was related to the dispersion of the nanoparticles in 

the matrix polymer. They also studied the thermal degradation kinetics of these nanocomposites. 

They suggested that the degradation of PC and the nanocomposites was second and first order 

respectively. In the case of PC the observation was related to crosslinking and branching which 

was formed through tertiary or peroxide free radicals during the degradation. However, in the 

presence of metal oxides the observation was related to the predominance of chain scission. 

 

In a study where the nanocomposites were prepared by extrusion, the material showed areas of 

densification around the notch edge [15]. These areas appeared as circular crater-like areas in the 

scanning electron microscopy micrographs. Energy dispersive X-ray analysis of these areas 

showed an extremely high concentration of titanium dioxide at the centre of the crater. These 

observations were related to the generation of a site of nucleation for the growth of a densified 
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form of PC by the TiO2 nanoparticles (fine rutile crystal grade up to 10% content). Differential 

scanning calorimetry results could, however, not confirm the nucleation. 

 

Rouabah et al. [13] studied the effect of quenching temperature on the mechanical properties of 

PC-TiO2 nanocomposies. The titania nanoparticles were fine rutile crystal grade up to 10% 

content. A higher TiO2 content increased the modulus of elasticity and decreased the unnotched 

and notched Izod impact strengths, as well as the elongation at break. A maximum yield stress 

was obtained at 3% of TiO2. Quenching at 40 °C improved the Izod impact strength and the 

elongation at break of samples with 3% of TiO2, whereas the elastic  modulus, density and yield 

stress were a minimum at this quenching temperature. The observations were related to the 

increase in free volume which led to higher molecular mobility. 

 

A review paper on the photoinduced reactivity of titanium dioxide [16] discusses the differences 

between anatase and rutile titania, all of which may cause the respective nanoparticles to interact 

differently with a polymer matrix. The exposed planes of these nanoparticles are different and, 

although both anatase and rutile titania have tetragonal structures, anatase titania can be regarded 

to be built up from octahedral structures that are connected by their vertices, while in rutile 

titania the edges are connected. It was further found that the anatase phase has a different oxygen 

vacancy than the rutile phase, as well as higher electron mobility, lower dielectric constant, 

lower density, lower deposition temperature and lower surface energy. Both these titania phases 

were found to have catalytic properties.  

 

Most of the reported studies concentrated on commercial anatase titania incorporated in PC, 

while little information was provided regarding the incorporation of the rutile phase into PC. No 

systematic comparison of the properties of PC-TiO2 nanocomposites, containing respectively 

anatase and rutile titania, have been reported in literature. The purpose of this work was to 

prepare PC-TiO2 nanocomposites, containing anatase and rutile titania respectively, by melt 

compounding, and to study the influence of the type and amount of titania on the degradation 

and thermomechanical behaviour of the polymer. 
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6.2 Experimental 

 

6.2.1 Materials  

Commercial grade bisphenol-A polycarbonate (PC, Makrolon 2407 produced by Bayer 

Material Science, Germany and having a melt flow rate at 300 °C/1.2 kg of 20 g/10 min) was 

used in pellet form. The polymer was dried at 120 °C overnight under static vacuum before 

processing. 

 

6.2.2.  Titania preparation 

Titania was prepared by a sol-gel combustion of aqueous solutions containing TiO(NO3)2, as 

precursor, and glycine as fuel [17]. 

 

6.2.3 Composites preparation 

PC was thoroughly mixed with 1, 2 and 5 wt.% titania for 10 min at 240 °C and 30 rpm in the 50 

mL internal mixer of a Brabender Plastograph from Duisburg, Germany. The mixed samples 

were melt-pressed into 1 mm thick sheets at 200 °C for 5 min. 

 

6.2.4 Analysis methods 

Transmission electron microscopy (TEM) micrographs were acquired using a JEM-2100 (JEOL, 

Japan) electron microscope operating at a 200 kV accelerating voltage. The nanocomposites 

were cut into slices (thickness about 100 nm) using a Leica EM UC6 ultra-microtome. Slices 

were put on a 3 mm Cu grid “lacey carbon” and analysed. 

 

X-ray diffraction (XRD) patterns were recorded in a 2θ range of 2-70° in steps of 0.05° and a 

counting time of 5 s/step on a Philips PW 1050 diffractometer, equipped with a Cu tube and a 

scintillation detector beam. The X-ray generator worked at 40 kV and 30 mA. The instrument 

resolution (divergent and antiscatter slits of 0.5°) was determined using standards free from the 

effect of reduced crystallite size and lattice defects. 
 

13C cross polarization - magic angle spinning nuclear magnetic resonance (13C {1H} CP-MAS 

NMR) spectra were obtained at room temperature with a Bruker Avance II 400 MHz (9.4 T) 
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spectrometer operating at 100.63 MHz for the 13C nucleus with a MAS rate of 8 kHz, 500 scans, 

a contact time of 1.5 ms and a repetition delay of 2 sec. The optimization of the Hartmann-Hahn 

condition [18] was obtained using an adamantine sample. Each sample was placed in a 4 mm 

zirconia rotor with KEL-F caps using silica as filler to avoid inhomogeneities inside the rotor. 

The proton spin–lattice relaxation time in the rotating frame T1ρ(H) was indirectly determined, 

with a variable spin lock (VSL) pulse sequence, by the carbon nucleus observation using a 90°–

τ–spin-lock pulse sequence prior to cross-polarization [19]. The data acquisition was performed 

by 1H decoupling with a delay time, τ, ranging from 0.1 to 7.5 ms and a contact time of 1.5 ms. 

The proton spin–lattice relaxation time in the laboratory frame T1(H) was determined, using a 

saturation recovery pulse sequence [20] by a carbon nucleus observation using a 90°–τ–90° pulse 

sequence prior to cross polarization with a delay time τ ranging from 0.01 to 3 s. The 13C spin–

lattice relaxation time in the rotating frame T1ρ(C) was determined, with the variable spin lock 

(VSL) pulse sequence, applying the spin-lock pulse after the cross-polarization on the carbon 

channel [19]. The data acquisition was performed by 1H decoupling with a spin lock pulse 

length, τ, ranging from 0.4 to 30 ms and a contact time of 1.5 ms. The cross polarization time 

TCH values for all the carbon signals of PC were obtained through variable contact time (VCT) 

experiments [21]. The contact times used in the VCT experiments were 0.05, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0 and 7.0 ms.  

 

The dynamic mechanical properties of the composites were investigated from 40 to 180 ºC in the 

bending mode at a heating rate of 5 ºC min-1 and a frequency of 1 Hz using a Perkin Elmer 

Diamond dynamic mechanical analyser (DMA) from Waltham, Massachusetts, U.S.A. 

 

Thermogravimetric analysis (TGA) was performed in a Perkin Elmer TGA7 from Waltham, 

Massachusetts, U.S.A under flowing nitrogen at a constant flow rate of 20 mL min-1. Samples (5-

10 mg) were heated from 25 to 600 °C at different heating rates. The degradation kinetics analysis 

was performed using the Ozawa-Flynn-Wall (OFW) and Kissinger-Akahira-Sunose (KAS) 

methods, described elsewhere [22]. 

 

TGA combined with Fourier-transform infrared (FTIR) spectroscopy analyses were performed 

using a Perkin Elmer STA6000 simultaneous thermal analyzer from Waltham, Massachusetts, 
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U.S.A, under flowing nitrogen at a constant flow rate of 20 mL min-1. Samples (20-25 mg) were 

heated from 30 to 600 °C at 10° C min-1 and held for 4 min at 600 °C. The furnace was linked to 

a FTIR (Perkin Elmer Spectrum 100, Massachusetts, U.S.A.) with a gas transfer line. The 

volatiles were scanned over a 400-4000 cm-1 wavenumber range at a resolution of 4 cm-1. The 

FTIR spectra were recorded in the transmittance mode at different temperatures during the 

thermal degradation process. 

 

6.3 Results and discussion  

 

The XRD patterns of the TiO2 powder, heated at 200°C and 600°C, pure PC, and their respective 

composites are reported in Figure 6.1. The pattern of titania heated at 200 °C is constituted by 

the anatase phase, while the powder heated at 600 °C is constituted by 99 wt.% of tetragonal 

rutile and 1 wt.% of orthorhombic brookite [17]. The diffraction pattern of PC shows an intense 

broad diffraction peak around 17° and two bands of lower intensities typical of an amorphous 

material. Similar diffraction patterns were obtained for all the composites indicating that the 

orientation of the PC chains was not influenced during the preparation process and by adding 

different types and amounts of titania filler. Furthermore, the intensity of the diffraction peaks 

for the composites decreased with increasing titania content, as expected, which is due to the 

increase in the amount of filler. The XRD patterns of the PC- titania (anatase) nanocomposites 

having 1 and 2 wt.% of filler do not show the characteristic peak of the anatase titania, while a 

very weak peak around 25 is present in the pattern of the nanocomposite loaded with 5 wt.% 

filler. The PC-titania (rutile) nanocomposites, however, clearly show the titania diffraction peaks 

superimposed onto the PC amorphous band, even at low titania contents, which suggests the 

presence of either big particles or aggregates [17].  
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There is a slight decrease in glass transition temperature in the nanocomposite containing 1% 

anatase titania, and a slight increase in the nanocomposite containing 5% anatase titania (Figure 

6.3C). The differences are fairly insignificant, but can be related to a plasticizing effect of the 

non-agglomerated nanoparticles in the case of 1% loading, and an immobilization effect by the 

larger aggregates in the case of the 5% loading. All the nanocomposites containing rutile titania 

show a slight increase in the glass transition temperature compared to pure PC (Figure 6.4C),  

which is in line with the TEM observations of higher extents of agglomeration for the PC-titania 

(rutile) composites. 

 

The TGA curves of all the samples are shown in Figure 6.5. All the curves show a single-step 

degradation and an increase in char content for the titania containing samples. However, no 

correlation could be found between the amount of titania in the samples and the char contents 

determined at 750 C. Unfortunately it was not possible to go to higher temperatures because of 

instrumental restrictions. It does, however, seem as if the titania particles size and dispersion 

influenced the PC degradation mechanism in a complex way, as will be seen from the rest of the 

discussion. 

 

The degradation temperature for the anatase titania system increases with increasing 

nanoparticles content, whereas there was no significant change for the rutile titania system, 

except for the 5% rutile titania nanocomposite which shows increased thermal stability. 

Interactions between the titania particles and the polymer chains, and between the titania 

particles and the volatile degradation products, eventually determine the shapes of the respective 

TGA curves. These interactions are determined in a complex way by the titania particle sizes, the 

extents of agglomeration, and the crystalline structures of the particles, as will be seen in the rest 

of the discussion.  
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 Table 6.1 Band assignments in the FTIR spectra of PC 

Wavenumber / cm-1 Assigned vibrations 

3658 Free alcohols (aliphatic substituted phenol) 

2974 C-H stretching  

2388-2119 Asymmetric stretching mode of CO2 

1606 Phenyl ring stretching 

1509 Skeletal vibration of phenyl compounds 

1257 Aromatic ether stretch 

1182 Carbon hydroxyl stretching band 

833 Bending mode of CO2 

 

No new peaks or peak shifts were observed for the nanocomposite samples (Figure 6.8 and 6.9). 

There is a clear increase in peak intensity for all the characteristic peaks with increasing 

temperature for pure PC, it reaches a maximum at around 503°C, and decreases again with 

further increase in temperature. It can be observed that at around 532°C the peaks of PC 

disappeared, while those of the PC nanocomposites are still intense. It seems as if the 

volatilization of the degradation products is slower for both the PC-TiO2 nanocomposites. This is 

in line with the higher degradation activation energy values discussed above, and can be 

attributed to different interactions between the titania filler and the PC chains, the free radicals 

formed during degradation, and the volatile degradation products. The interactions between the 

PC chains and the titania particles have been investigated by NMR spectroscopy, and are 

described below. 
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The T1(H), T1ρ(H), T1ρ(C) and TCH values obtained from each peak in the 13C spectra of all the 

samples are reported in Tables 6.2 and 6.3. The presence of the filler in the PC matrix did not 

significantly affect the T1(H) and T1ρ(H) values. This indicates that the spin diffusion 

phenomenon averages the dynamic behaviour of the polymer and that the composites are 

dynamically homogeneous in a range from tens to hundreds of nanometres. On the contrary, the 

T1ρ(C) and TCH values are affected by the presence of titania. In particular, in the PC-TiO2 

(anatase) composite, the T1ρ(C) value of each peak and the TCH value of peak 3 are higher than the 

ones for the pure PC. This finding indicates that the presence of anatase titania hindered the 

polymeric chain motions. The presence of rutile titania in PC gave rise to similar, but more 

intense, effects. In the PC-TiO2 (rutile) composite an increase in T1ρ(C) is also observed together 

with a significant variation in the TCH values.  In fact, a big decrease in the TCH values of peaks 1 

and 4, together with a big increase in the TCH values of peaks 3 and 5, are evident. No significant 

variation is observed for peak 2. The significant decrease in TCH values indicates that there is an 

increase in the heteronuclear dipolar interactions between the carbons and the surrounding 

hydrogen nuclei and it is connected to the increase in the rigidity of the polymer.  

 

Table 6.2 T1(H) and T1ρ(H) values for all the carbons in the 13C spectra of PC and the 

PC-TiO2 composites having 5 wt.% of filler  

  T1 (H) (s) T1ρ (H) (ms) 

Carbon ppm PC PC-TiO2 

(anatase) 

(5%) 

PC-TiO2 

(rutile) 

(5%) 

PC PC-TiO2 

(anatase) 

(5%) 

PC-TiO2 

(rutile) 

(5%) 

1 149 0.39 ± 0.02 0.37 ± 0.02 0.39 ± 0.03 4.9 ± 0.2 5.8 ± 0.3 5.1 ± 0.3 

2 127.5 0.41 ± 0.03 0.37 ± 0.03 0.39 ± 0.02 5.4 ± 0.2 5.6 ± 0.3 5.7 ± 0.2 

3 120 0.39 ± 0.01 0.37 ± 0.03 0.40 ± 0.02 5.2 ± 0.2 5.2 ± 0.2 5.0 ± 0.2 

4 42 0.40 ± 0.01 0.40 ± 0.03 0.42 ± 0.02 4.8 ± 0.2 5.3 ± 0.2 5.4 ± 0.3 

5 31 0.42 ± 0.01 0.38 ± 0.02 0.40 ± 0.02 4.9 ± 0.3 5.4 ± 0.3 5.8 ± 0.3 

 

These results were unexpected compared to the DMA results, which suggested more rigid PC-

TiO2 (anatase) nanocomposites (5 wt.%). Although these results and the TCH values obtained by 

NMR do not seem to support each other, it should be realized that the TCH values reflect the 



 
 

155 
 

dipolar interactions within a nanometer scale and can therefore not be strictly correlated with the 

bulk thermomechanical properties. On the other hand, the TCH relaxation time values decrease 

for both composites, which suggests an increase in matrix stiffness which is in line with the 

DMA results. 

 

Table 6.3 T1ρ(C) and TCH values for all of the carbons in the 13C spectra of PC and the 

PC-TiO2 composites having 5 wt.% of filler  

  T1ρ (C) (ms) TCH (ms) 

Carbon ppm PC PC-TiO2 

(anatase) 

(5%) 

PC-TiO2 

(rutile) 

(5%) 

PC PC-TiO2 

(anatase) 

(5%) 

PC-TiO2 

(rutile) 

(5%) 

1 149 41.0 ± 0.2 60.7 ±  0.2 86.7 ±  0.8 1328 ± 127 1064 ± 44 144 ± 20 

2 127.5 10.9 ± 0.1 16.7 ±  0.5 10.4 ± 0.9 117 ± 28 159 ± 25 143 ± 18 

3 120 10.2 ± 0.2 9.7 ±  0.2 12.7 ± 0.9 64 ± 12 151 ± 22 828 ± 41 

4 42 18.0 ± 0.2 38.3 ±  0.2 22.2 ± 0.7 1059 ± 97 813 ± 69 236 ± 15 

5 31 19.2 ± 0.1 28.4 ±  0.3 28.3 ± 0.4 275 ± 20 242 ± 22 1074 ± 49

 

6.4 Conclusions  

 

Titania nanoparticles, with respectively anatase and rutile crystal structures and obtained through 

a sol-gel preparation method, were used to prepare polycarbonate (PC) based nanocomposites by 

melt compounding. The PC-titania nanocomposites were investigated as a function of titania 

content (1 to 5 wt.%) and crystal structure (anatase or rutile). TEM and XRD analyses showed 

that both the rutile and anatase titania were fairly well dispersed in the PC matrix, but there was 

more agglomeration at higher titania contents and for the rutile titania.  The presence of titania 

did not change the amorphous structure of the PC. NMR results showed different extents of 

interaction between the PC and the two different types of titania. This, as well as the differences 

in particle crystal structure, dispersion and extent of agglomeration, had an influence on the 

thermomechanical properties and degradation kinetics of the composites. In this case the 

structure-property relationships are complex and it was difficult to directly correlate the dynamic 

mechanical properties and degradation kinetics with specific features like titania particle size and 
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crystal structure, titania particle dispersion and agglomeration in the PC matrix, and interactions 

between the PC matrix and the titania particles. 
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Chapter 7 

 

Influence of the modification, induced by zirconia nanoparticles, on the structure and  

properties of polycarbonate 

 

This chapter has been submitted as a publication: 

T.E. Motaung, M.L. Saladino, A.S. Luyt, D. Chillura Martino. Influence of the modification, 

induced by zirconia nanoparticles, on the structure and properties of polycarbonate. European 

Polymer Journal (Under review) 

 

Abstract 

 

Melt compounding was used to prepare polycarbonate (PC)-zirconia nanocomposites with 

different amounts of zirconia. The effect of the zirconia loading, in the range of 1-5 wt.%, on the 

structure, mechanical properties and thermal degradation kinetics was investigated. The zirconia 

nanoparticle aggregates were well dispersed in the PC matrix and induced the appearance of a 

local lamellar order in the polycarbonate as inferred by SAXS findings. This order could be a 

consequence of the intermolecular interactions between zirconia and the polymer, in particular 

with the quaternary carbon bonded to the methyl groups and the methyl carbon as inferred from 

the NMR results. The presence of zirconia caused a decrease in the storage and loss moduli 

below the glass transition temperature. However, the highest amount of zirconia increased the 

modulus. The presence of zirconia in PC slightly increased the thermal stability, except for the 

highest zirconia content which showed a decrease. The activation energies of thermal 

degradation for the nanocomposites were significantly lower than that for pure PC at all degrees 

of conversion. 

 

Keywords:  Nanocomposites; polycarbonate; zirconia; degradation; interfacial interaction 
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7.1 Introduction 

 

Polycarbonate (PC) is an amorphous and inexpensive polymer known for its excellent optical 

and mechanical properties. PC nanocomposites have shown potential applications in UV 

protecting sheets and films [1-4]. There are a number of recent papers reporting on the 

mechanical properties, thermal stability and flame retardancy of PC nanocomposites containing 

different metal oxide nanoparticles [5-10]. The results indicate that metal oxides have an effect 

on the morphology, as well as mechanical and thermal behaviour of PC. Some authors found that 

the well dispersed metal oxide nanoparticles in PC improved its surface, viscoelastic, and 

mechanical properties, and increased its thermal stability. They related these observations to the 

strong interactions at the polymer-filler interface [8-11].  

 

PC-zirconia nanocomposites are promising materials due to the interesting optical properties of 

the final product [12-14]. The nanocomposites prepared by in situ polymerization were found to 

be highly transparent with up to 50 wt.% ZrO2 nanoparticles, and exhibited good thermal 

stability, hardness and elastic modulus. These results were attributed to the interfacial interaction 

between the polymer and the nanoparticles. However, the hardness and thermal stability of the 

nanocomposites considerably decreased at high filler contents [12,13]. The deterioration in 

hardness was related to the agglomeration of the ZrO2 nanoparticles in the polymer matrix, and 

the decrease in thermal stability to the evaporation of the entrapped organic solvent in ZrO2 

agglomerates and/or the unreacted monomer because of the low final conversion. Imai et al. [12] 

also modified the polycarbonate with sulphonic acid, and this was found to further reduce the 

thermal stability of the matrix polymer. 

 

The purpose of this study was to obtain a deeper understanding of the interfacial interaction 

between zirconia nanoparticles and PC in PC-ZrO2 nanocomposites prepared through a melt 

compounding method. The effect of the presence and amount of zirconia nanoparticles, prepared 

using a sol-gel method, on the structure, thermal and mechanical properties, as well as the 

thermal degradation kinetics, of the PC was investigated. The composites were characterized 

using transmission electron microscopy (TEM), X-ray diffractometry (XRD), Small Angle X-ray 

Scattering  (SAXS), dynamic mechanical analysis (DMA), thermogravimetric analyses (TGA), 
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and 13C cross-polarization magic-angle spinning nuclear magnetic resonance (13C{1H} CP-MAS 

NMR). 

 

7.2 Experimental 

 

7.2.1 Materials  

Tetra-n-propylzirconate (Aldrich), capronic acid (Aldrich), ethanol (Eurobase), ammonium 

hydroxide (Aldrich) were used as received without further purification. Commercial grade 

bisphenol-A polycarbonate (PC, Makrolon 2407 produced by Bayer Material Science, Germany and 

having a melt flow rate at 300 °C/1.2 kg of 20 g/10 min) was used in pellet form. The resin was dried at 

120 °C overnight under static vacuum before processing. 

 

7.2.2 Zirconia preparation 

The ZrO2 nanoparticles were prepared according to the method reported by Bondioli et al. [15].	

The zirconia nanoparticles was precipitated by slow addition of an alcoholic solution containing 

capronic acid and  tetra-n-propylzirconate, previously reacted for 30 min at room temperature, to 

a mixture of ethanol and water. 

 

7.2.3 Composites preparation 

The PC pellets were thoroughly mixed with 1, 2 and 5 wt.% zirconia for 10 min at 240 °C and 30 

rpm in a 50 mL internal mixer of a Brabender Plastograph (Duisburg, Germany). The mixed 

samples were melt-pressed into 1 mm thick sheets at 240 °C for 5 min. 

 

7.2.4 Analysis methods  

TEM micrographs were acquired using a JEM-2100 (JEOL, Japan) electron microscope 

operating at 200 kV accelerating voltage. The obtained nanocomposites were cut into 100 nm 

thick slices using a Leica EM UC6 ultra-microtome. Slices were put onto a 3 mm Cu grid “lacey 

carbon” for analysis. 

 

XRD patterns were recorded in the 2-70° 2θ range at steps of 0.05°  and a counting time of 5 

s/step in a Philips PW 1050 diffractometer, equipped with a Cu tube and a scintillation detector 
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beam. The X-ray generator worked at 40 kV and 30 mA. The instrument resolution (divergent 

and antiscatter slits of 0.5°) was determined using standards free from the effect of reduced 

crystallite size and lattice defects.  

 

SAXS measurements were taken using a Bruker AXS Nanostar-U instrument whose source was 

a Cu rotating anode working at 40 kV and 18 mA. The X-ray beam was monochromatized at a 

wavelength λ of 1.54 Å (Cu Kα) using a couple of Göbel mirrors and was collimated using a 

series of three pinholes with diameters of 500, 150 and 500 μm. Samples were directly mounted 

on the sample stage to avoid additional scattering of the holder. Data were collected at room 

temperature for 1000 seconds by using a two-dimensional multiwire proportional counter 

detector placed at 24 cm from the sample allowing the collection of data in the Q range 0.02 – 

0.78 Å. The measurements were repeated in two different portions of each sample to check its 

homogeneity.  
 

13C cross polarization - magic angle spinning nuclear magnetic resonance (13C {1H} CP-MAS 

NMR) spectra were obtained at room temperature with a Bruker Avance II 400 MHz (9.4 T) 

spectrometer operating at 100.63 MHz for the 13C nucleus with a MAS rate of 8 kHz, 500 scans, 

a contact time of 1.5 ms and a repetition delay of 2 sec. The optimization of the Hartmann-Hahn 

condition [9] was obtained using an adamantine sample. Each sample was placed in a 4 mm 

zirconia rotor with KEL-F caps using silica as filler to avoid inhomogeneities inside the rotor. 

The proton spin–lattice relaxation time in the rotating frame T1ρ(H) was indirectly determined, 

with the variable spin lock (VSL) pulse sequence, by the carbon nucleus observation using a 

90°–τ–spin-lock pulse sequence prior to cross-polarization [10]. The data acquisition was 

performed by 1H decoupling with a delay time, τ, ranging from 0.1 to 7.5 ms and a contact time 

of 1.5 ms. The proton spin–lattice relaxation time in the laboratory frame T1(H) was determined, 

using the saturation recovery pulse sequence [11], by the carbon nucleus observation using a 

90°–τ–90° pulse sequence prior to cross polarization with a delay time τ ranging from 0.01 to 3 

s. The 13C spin–lattice relaxation time in the rotating frame T1ρ(C) was determined, with the 

variable spin lock (VSL) pulse sequence, applying the spin-lock pulse after the cross-polarization 

on the carbon channel [12]. The data acquisition was performed by 1H decoupling with a spin 

lock pulse length, τ, ranging from 0.4 to 30 ms and a contact time of 1.5 ms. The cross 



 
 

164 
 

polarization time TCH values for all the carbon signals of PC were obtained through variable 

contact time (VCT) experiments [13]. The contact times used in the VCT experiments were 0.05, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0 and 7.0 ms.  

 

The dynamic mechanical analysis of the blends and composites were performed between 40 to 

180 ºC in the bending mode at a heating rate of 5 ºC min-1 and a frequency of 1 Hz using a 

Perkin Elmer Diamond DMA (Waltham, Massachusetts, U.S.A.). 

 

Thermogravimetric analysis (TGA) was done in a Perkin Elmer TGA7 (Waltham, 

Massachusetts, U.S.A.) under flowing nitrogen at a constant flow rate of 20 mL min-1. Samples 

(5-10 mg) were heated from 25 to 600 °C at different heating rates. The degradation kinetic 

analysis was performed using the Ozawa-Flynn-Wall (OFW) and the Kissinger-Akahira-Sunose 

(KAS) methods, described elsewhere [14]. 

 

TGA combined with Fourier-transform infrared (FTIR) spectroscopy (TGA-FTIR) analyses were 

performed using a Perkin Elmer STA6000 simultaneous thermal analyzer (Waltham, 

Massachusetts, U.S.A.) under flowing nitrogen at a constant flow rate of 20 mL min-1. Samples 

(20-25 mg) were heated from 30 to 600 °C at 10° C min-1 and held for 4 min at 600 °C. The 

furnace was linked to an FTIR spectrometer (Perkin Elmer Spectrum 100, Massachusetts, 

U.S.A.) with a gas transfer line. The volatiles were scanned over a 400 – 4000 cm-1 wavenumber 

range at a resolution of 4 cm-1. The FTIR spectra were recorded in the transmittance mode at 

different temperatures during the thermal degradation process. 

 

7.3 Results and discussion 

 

The TEM micrographs of the ZrO2 powder, reported in the same paper, showed aggregates with 

a large number of particles (more than 30) of different sizes. In each aggregate the bigger, quite 

thick particles (around 200-400 nm) were surrounded by smaller spongy particles (50-100 nm). 

The TEM micrographs of the PC-ZrO2 nanocomposite having 5 wt.% of zirconia are reported in 

Figure 7.1. It seems as if the aggregates are fragmented and the fragments dispersed in the 

polymer matrix. This could be a consequence of the interaction between nanoparticles and the 
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polymer matrix. At higher magnification it can be seen that the nanoparticles are constituted of 

several crystalline domains of about 5 nm whose atomic planes are visible in Figure 7.1F. 

 

It is expected that if interaction occurs at the interface, the nanoparticles could induce a change 

in the polymer structure. For this reason, XRD patterns were registered. The pattern of the 

zirconia powder indicated that the zirconia consisted of 80 wt.% of tetragonal zirconia and 20 

wt.% of monoclinic Baddeleyite, as reported in a previous paper [14]. The diffraction pattern of 

PC shows an intense broad diffraction peak around 17°, a shoulder around 26° and another broad 

peak at 44°. The diffraction peak is superimposable on the WAXS pattern reported in literature 

[15], and is typical of an amorphous material. The XRD patterns of the PC-ZrO2 nanocomposites 

having 1, 2 and 5 wt.% of ZrO2 do not show the characteristic peak of zirconia as a consequence 

of the low amount of small zirconia nanoparticles. The typical PC diffraction peaks do not 

undergo any significant change, except for a decrease in intensity with an increase in the amount 

of zirconia. This cannot be explained by simply considering the variation in the electron 

scattering density. In fact, it does not linearly change with composition. Furthermore, a broad 

peak appears at about 3.7°, the intensity of which increases with the amount of zirconia. It 

indicates the presence of a repeating distance which cannot be ascribed to either the crystalline 

structure of the nanoparticles or to the nanoparticle clustering. In fact, even assuming that the 

nanoparticles were in contact, the peak position, evaluated on the basis of the nanoparticle size 

from the TEM micrographs, should fall at 0.018°, which is well below the observed value. It 

follows that it has to be ascribed to some structure induced in the polymer by the presence of the 

zirconia. The peak shape is similar to that observed by SAXS on crystalline PC [23], and which 

was ascribed to a lamellar structure. This finding suggests that the zirconia induced a local 

crystallization in the polymer. It has to be noticed that the scattering peak reported in literature 

indicates a long period distance of about 120 Å, which is almost 4 times the distance (c.a. 30 Å) 

evaluated form the peak position in the diffraction data.  
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The SAXS profiles show a monotonic decrease at low Q-values followed by a peak, the intensity 

of which increases with the amount of zirconia nanoparticles, thus confirming the XRD data. A 

shoulder appears in the range 0.5-0.77 Å. It can be ascribed to some small angle scattering due to 

the amorphous PC. The PC intensity, properly weighted, was therefore subtracted from the ones 

for the composites. The corrected curves are shown in Figure 7.3B. Since the low-angle region of 

the pattern is dominated by a single peak, the presence of a cubic arrangement was excluded and, 

in agreement with literature [23], it was considered that the backbones of the polymer could 

arrange to form lamellae. On this basis, the model proposed by Nallet et al. [24] was considered. 

  

I(Q) = A/(Q2p
2 +1) + B/[(Q – Qm)2l

2 +1] +Bk   (7.1) 

 

where the first term represents the quasi-Bragg peak due to the stacking of the lamellar layers, 

the second the quasi-Bragg peak due to the stacking of the lamellar layers, and Bk the incoherent 

scattering plus the instrumental noise.  A and B correspond to the scattering intensities from the 

diffuse scattering and the quasi-Bragg scattering, ξl is the spatial correlation length of the 

lamellar layers, and Qmax is the Q value corresponding to the peak intensity. The intensities for 

the three composites computed by means of Equation 7.1 poorly reproduce the experimental 

values as indicated by the dotted line reported in Figure 7.4 as an example for the 99/1 w/w PC-

zirconia nanocomposite. 

 

In our opinion the observed small-angle diffuse scattering does not depend on a density 

fluctuation in the polymer, but on the formation of a well-defined nanoparticle-polymer 

interface. On this basis, we modified the Nallet model by considering that the diffuse small-angle 

scattering could be described by means of a Porod contribute. The resulting equation is: 

 

I(Q) = B/[(Q – Qm)2l
2 +1] + F/Q4 +Bk    (7.2) 

 

where the meaning of B, ξl, QM and Bk are as described above, F is equal to NρΔρ2S where Nρ is 

the particle number density, Δρ2 is the contrast i.e. the square of the difference between the 

electron density of the particle and that of PC, and S is the interfacial area. The intensity 
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increasing degree of conversion. An earlier study on the thermal degradation mechanism of 

bisphenol-A polycarbonate reported that carbonate linkages are the major points of degradation 

at lower temperatures (< 400 C), while at higher temperatures the isopropylidene group is also 

susceptible to loss of methyl radicals [30]. Below 500 °C, no free radical reactions were 

observed for the carbonate group, but rearrangement of the carbonate moiety prevailed. It is quite 

possible that the char formed during the degradation of PC retarded the movement of the free 

radicals, which led to the observed increase in activation energy with an increase in degree of 

conversion. The higher activation energy values for the 98/2 w/w PC-ZrO2 can be attributed to 

interaction between the nanoparticles, the free radicals formed during PC degradation (which led 

to trapping of free radicals by the nanoparticles), and the volatile substance. The lower activation 

energy values for the 95/5 w/w PC-ZrO2 nanocomposite may be related to a catalytic effect of 

the nanoparticles on the PC degradation. It seems as if there are two opposing effects that play a 

role in the degradation of PC in the presence of zirconia. More char formation leading to a 

retardation of the degradation process seems to be prevalent at low zirconia contents where the 

extent of filler agglomeration is lower, while the zirconia predominantly acts as a catalyst at 

higher filler contents where there are higher extents of agglomeration. 

 

TGA-FTIR analyses were done to establish the nature of the degradation product(s), and to 

confirm the observations from the kinetic analysis of the thermal degradation process of PC and 

the PC-zirconia nanocomposites. Figure 7.7 shows the FTIR spectra of the degradation products 

of pure PC at different temperatures during the degradation process. All the spectra almost 

perfectly match the known spectrum for the thermal decomposition of bisphenol-A 

polycarbonate in which CO2, phenol and bisphenol A are the main volatile products. Some band 

assignments are listed in Table 7.2. 
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The DMA curves of the pure PC, and the PC-zirconia nanocomposites having 1, 2 and 5 wt.% of 

zirconia are shown in Figure 7.9. Below the glass transition the storage moduli of the samples 

containing 1 and 2 wt.%  of zirconia are lower than those of pure PC, but above the glass 

transition temperature the difference is negligible. The 5 wt.% zirconia containing 

nanocomposite has higher storage modulus values over the whole temperature range, but the 

difference is significant during and above the glass transition. Currently we do not have an 

explanation for the lower storage modulus values for the 99/1 and 98/2 w/w PC-ZrO2 below the 

glass transition, and there were not enough samples to repeat these analyses to check for 

reproducibility. However, the formation of crystalline domains around the nanoparticles, which 

effectively improved the interaction between the zirconia particles and the polymer chains, is the 

most probable reason for the higher storage modulus values in the case of the 95/5 w/w PC-ZrO2. 

Both the loss modulus and tan δ curves show an increase in the glass transition temperature with 

increasing zirconia content in the PC. This supports the explanation of a fairly strong interaction 

between the zirconia particles and the PC chains, which reduced the mobility of the polymer 

chains. 

 

Since there is evidence that a local ordered structure is induced by the nanoparticles, 13C {1H} 

CP-MAS NMR measurements were performed in order to understand at which molecular level 

the interactions occur, and to attempt to find a correlation between the mechanical properties, the 

kinetics of degradation and the molecular structure of the polymer. The 13C {1H} CP-MAS NMR 

spectra of the PC-ZrO2 composite loaded with 5 wt.% of zirconia are reported in Figure 7.10. 

Five peaks are present in the spectra: peak 1 at 149 ppm is related to the quaternary carbons of 

the aromatic rings and to the carbonyl carbon, peak 2 at 127 ppm to the aromatic carbon in meta 

to the oxygen, peak 3 at 120 ppm to the aromatic carbon ortho to the oxygen, peak 4 at 42 ppm 

to the quaternary carbon bonded to the methyl groups, and peak 5 at 31 ppm to the methyl 

carbons, according to literature [30]. No modification in the chemical shift and in the band shape 

is observed in the spectrum of the PC-zirconia nanocomposite, indicating that no chemical 

modification occurred in the polymer. Thus, the relaxation times in the laboratory frame T1(H), 

in the rotating frame T1ρ(H),  and T1ρ(C) and the cross-polarization time TCH were determined 

through solid-state NMR measurements in order to evaluate the dynamic modifications occurring 

in the polymeric chain of the PC matrix after composite formation. The T1(H), T1ρ(H), T1ρ(C) 
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polymeric chain are hindered by the presence of zirconia, indicates specific intermolecular 

interactions. These interactions slightly involved the protonated aromatic carbons. 

 

Table 7.3 T1(H), T1ρ(H), T1ρ (C) and TCH values for all the carbons in the 13C spectra of 

PC and the 95/5 w/w PC-zirconia nanocomposite 

 T1 (H) (s) T1ρ (H) (ms) T1ρ (C) (ms) TCH (ms) 

Carbon ppm PC 95/5 

w/w PC-

ZrO2 

PC 95/5 w/w 

PC-ZrO2 

PC 95/5 w/w 

PC-ZrO2 

PC 95/5 w/w PC-

ZrO2 

1 149 0.39 ± 

0.02 

0.43 ± 

0.03 

4.9 ± 

0.2 

5.3 ± 0.3 41 ± 0.2 43.4 ±  

0.8 

1328 ± 

127 

1211 ± 92 

2 127.5 0.41 ± 

0.03 

0.40 ± 

0.02 

5.4 ± 

0.2 

5.3 ± 0.2 10.9 ± 

0.1 

9.6 ± 0.9 117 ± 28 183 ± 31 

3 120 0.39 ± 

0.01 

0.42 ± 

0.02 

5.2 ± 

0.2 

5.2 ± 0.3 10.2 ± 

0.2 

9.4 ± 0.9 64 ± 12 151 ± 22 

4 42 0.40 ± 

0.01 

0.42 ± 

0.01 

4.8 ± 

0.2 

5.1 ± 0.4 18 ± 0.2 35.1 ± 0.7 1059 ± 97 831 ± 62 

5 31 0.42 ± 

0.01 

0.41± 

0.02 

4.9 ± 

0.3 

5.0 ± 0.3 19.2 ± 

0.1 

33.3 ± 0.4 275 ± 20 239 16 

 

 

7.4 Conclusions  

 

The zirconia nanoparticles, organized in clusters uniformly dispersed in polycarbonate, did not 

change the polymer structure, but induced a modification in the organization of the PC chains. 

DMA showed that the polymer chain immobilization became significant at 5% zirconia content. 

The thermal degradation process seems to depend on the amount of zirconia, and the 

accompanying differences in particle size and PC-zirconia interaction. NMR analysis shows 

intermolecular interactions between zirconia and the polymer, in particular with the quaternary 

carbon bonded to the methyl groups and the methyl carbons. These interactions could be 

responsible for the differences in the polymer chain mobility and thermal degradation 

mechanism. The ordered structure induced by the nanoparticles and strong interfacial 

interactions between the PC and zirconia could also account for the observed differences. 
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Chapter 8 

 

Conclusions and recommendations 

 

8.1 Conclusions 

 

The nanocomposites of PMMA and PC were prepared by melt compounding and were 

systematically investigated as a function of silica, zirconia and titania amount at filler contents of 

1, 2 and 5 wt.%. Commercial hydrophobic silica having chemically surface bonded methyl 

groups was used, whereas the zirconia and types of titania were prepared by a sol-gel method. 

The titania was annealed at two different temperatures to prepare different crystalline structures, 

and to remove carbon. The XRD spectra of the amorphous silica showed the expected 

amorphous halo, while the XRD analysis of zirconia confirmed that the powder was composed 

of a mixture of tetragonal and monoclinic Baddeleyite. Elemental analysis showed a marginal 

carbon content in the zirconia powder. The XRD analyses of titania showed that the titania 

powders annealed at lower and higher temperature respectively had anatase and rutile crystalline 

structures. The elemental analyses showed that the anatase titania had a larger amount of carbon 

than the rutile titania. The TEM micrographs of all the nanoparticles showed that the primary 

nanoparticles ranged from 10 to 30 nm, with aggregates ranging from 50 to 400 nm.  

 

The XRD analysis of the nanocomposites showed that the polymers maintained their structure 

and did not induce orientation of the polymer chains. However, SAXS analysis of the PC-

zirconia nanocomposites showed local orientation of the PC chains around the nanoparticles. In 

all the nanocomposites the nanoparticles dispersed well as primary particles and aggregates 

ranging from 50 to approximately 500 nm, with more aggregates at higher nanoparticles 

contents. The silica had observable effects on the PMMA chain mobility, but effective 

immobilization of the polymer chains only took place at the higher silica contents. These results 

are similar to the trend observed for the PC-zirconia nanocomposites, although effective 

immobilization of the PC chains only took place at lower zirconia contents. The DMA and NMR 

results show that the PC chains’ immobilization was significant for the lowest silica content, and 

increased with increasing amounts of silica nanoparticles. 
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Zirconia and silica nanoparticles showed catalytic behaviour in the thermal degradation process, 

which decreased the activation energy of degradation, but did not change the degradation 

mechanism of the polymers. Only the rutile titania showed catalytic behaviour in PMMA 

degradation, whereas in PC both the crystal structures improved the thermal stability and 

increased the activation energy. The two types of titania nanoparticles had slightly different 

influences on the thermomechanical and thermal properties, as well as the degradation kinetics of 

both matrices. These results were attributed to different extents of interaction between the PC 

and the two different types of titania. In the PMMA-silica system the observed results were 

attributed to the interaction between the polymer and nanoparticles which occurred at the 

interface through the carbonylic groups of the polymer, whereas in the PC-silica system the 

results were attributed to intermolecular interactions between silica and the polymer in the 

composite which did not involve the protonated aromatic carbons. In the PMMA-zirconia system 

the results were related to an increase in the heteronuclear dipolar interactions involving the 

carbons and the surrounding hydrogen nuclei, while in the PC-zirconia system they were related 

to specific intermolecular interactions which involved the protonated aromatic carbons.  

 

8.2 Recommendations for future work 

 

Metal oxides are well-known to improve the morphology, thermal and mechanical properties of 

polymers. The particles generally interact with the matrix in various ways, depending mainly on 

the particles’ size and modification. In this study a TGA-FTIR was inter alia used to follow the 

thermal degradation kinetics, but it will be worthwhile to also use TGA connected to gas 

chromatography or mass spectrometry. The study could also be extended by studying the effect 

of carbon content in titania at a fixed particles size, using the same preparation conditions. This 

would assist in clarifying whether the carbon played a role in addition to the crystalline structure 

in influencing the properties. The same study is recommended for the zirconia system. The effect 

of the bonded methyl groups on the silica surface could be crucial in improving the properties. 

Therefore, it is recommended to evaluate the use of silica containing modifiers with varying 

alkyl chain lengths. 
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