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Abstract 

 

This study is a comparative research conducted to establish the enhancement of shielding 

effectiveness of material via foaming using supercritical carbon dioxide.  This study focuses 

on the preparation of PP-TiO2-Grahene hybrid nanocomposites and their foams using 

supercritical carbon dioxide as physical blowing agent for EMI shielding applications. 

Titanium dioxide and graphene have been used as nanofillers explicitly due to their dielectric 

properties leading to interfacial polarising and high conductivity for energy dissipation 

respectively. A non-conventional synthesis technique for the formation of titanium dioxide 

nanoparticles was thoroughly investigated which is a modified form of sol-gel technique and 

can be successfully used for the formation of anatase phase of titanium dioxide nanoparticles 

up to the size of around 7 nanometres with the reaction time of merely 3-5 seconds. The 

synthesis technique was further studied for varying reaction parameters namely catalysts, 

catalyst concentration, solvent to precursor ratio and temperature, and their effect on particle 

size and structure were studied using X-ray diffraction spectroscopy and Dynamic Light 

Scattering analysis. Selected synthesized nanoparticles were also melt-mixed in polypropylene 

matrix and the prepared nanocomposites were subjected to thermogravimetric analysis to 

determine the effect of synthesized nanoparticles on the thermal stability of the 

nanocomposites.  

As a precursor to foaming of hybrid nanocomposites, this work also attempts to establish a 

correlation between rheological properties of nanocomposites and the resultant foam 

morphology. To achieve this, optimized foams based on temperature, pressure and saturation 

time of nanocomposites containing 1, 2 and 3 wt.% of titanium dioxide nanoparticles were 

prepared. Prepared nanocomposite and their foams were characterised for their rheological and 

morphological properties to study the effect of added nanofillers and resultant rheological 
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properties on the foamability and foam morphology of the prepared foams. It was observed 

that foaming mechanism of polymer nanocomposites can be represented by linear Maxwell 

model depiction of polymer structure, where viscosity and storage modulus of nanocomposites 

played a key role in determining the foam morphology.  

To obtain a deeper understanding of the physical foaming process, the effect of supercritical 

carbon dioxide treatment on structural and morphological properties of polypropylene and its 

nanocomposite were also studied by subjecting films of respective materials to supercritical 

carbon dioxide treatment at different process conditions (pressure, temperature, saturation 

time). Structural and morphological characterisations were obtained using X-ray diffraction 

analysis and Electron microscopy of the optimized samples. This supercritical carbon dioxide 

treatment was found to result in formation of β crystals of polypropylene in small amounts 

along with change in percentage crystallinity and crystallite size. Use of supercritical carbon 

dioxide was also found to enhance the distribution/dispersion of nanofillers in the 

nanocomposite thereby capable of enhancing the resultant properties. 

Finally, hybrid nanocomposites of polypropylene incorporated with titanium dioxide (2 and 3 

wt.%) and graphene (5 and 8 wt.%) were prepared and characterised for their structural and 

rheological properties. The correlation established for PP-TiO2 nanocomposites was also found 

to be efficiently applicable in case of hybrid nanocomposites. Rheological properties of the 

nanocomposites were thus found to significantly affect the foam morphology which in turn 

affected the specific shielding efficiency of these foams which increased significantly than 

compared to unfoamed nanocomposites. 
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अमूर्त 

 

यह सुपरक्रिक्रिकल कार्बन डाइऑक्साइड का उपयोग करके फोक्र िंग के  ाध्य  से सा ग्री की EMI (विद्युत चमु्बकीय हस्तक्षेप) परररक्षण प्रभावशीलता 

के सिंवर्बन को स्थाक्रपत करन ेके क्रलए क्रकया गया एक तुलनात् क शोर् ह ै। यह अध्ययन EMI परररक्षण अनुप्रयोगों के क्रलए PP-TiO2- ग्रेफीन हाइक्रिड 

नैनोकिं पोक्रिि और भौक्रतक ब्लोइिंग एिेंि के रूप  ें सुपरक्रिक्रिकल कार्बन डाइऑक्साइड का उपयोग करके उनके फो  के विर्माण पर कें क्रित ह ै। िाइिेक्रनय  

डाइऑक्साइड और ग्रेफीन का उपयोग नैनोक्रफलसब के रूप  ें स्पष्ट रूप से ि शः उनके परावैद्युत गुणों (इिंिरफेक्रसयल ध्रवुीकरण) और ऊिाब अपव्यय के 

क्रलए उच्च चालकता के कारण क्रकया िाता ह।ै िाइिेक्रनय  डाइऑक्साइड नैनोकणों के क्रन ाबण के क्रलए एक गैर-पारिंपररक सिंशे्लषण तकनीक की गहन िािंच 

की गई, िो सोल-िेल तकनीक का एक सिंशोक्रर्त रूप ह ैऔर इसे केवल 3-5 सेकिं ड के रमसमयविक अविवियम स य के साथ लगभग 7 नैनो ीिर के 

आकार तक िाइिेक्रनय  डाइऑक्साइड नैनोकणों के एनािेस रूप के क्रन ाबण के क्रलए सफलतापूवबक उपयोग क्रकया िा सकता ह।ै सिंशे्लषण तकनीक का 

आगे क्रवक्रभन्न रमसमयविक प्रक्रतक्रिया  ापदिंडों िैस ेउत्प्रेरक, उत्प्रेरक सािंिता, क्रवलायक से अग्रदतू अनुपात और ताप ान के क्रलए अध्ययन क्रकया गया, 

और कण आकार और सिंरचना पर उनके प्रभाव का अध्ययन एक्स-रे क्रववतबन स्पेक्रोस्कोपी और गक्रतशील प्रकाश प्रकीणबन क्रवशे्लषण का उपयोग करके 

क्रकया गया। चयक्रनत सिंशे्लक्रषत नैनोकणों को वपघल ेहुए पॉलीप्रोपमइलीि र्ें वर्वित वकयम गयम और तैयार नैनोकिं पोक्रिि की तमपीय क्रस्थरता पर सिंशे्लक्रषत 

नैनोकणों के प्रभाव को क्रनर्ाबररत करने के क्रलए थ ोग्रैक्रव ेक्ररक क्रवशे्लषण कम उपयोग क्रकया गया। 

यह कायब फोक्र िंग के पूिािती के रूप  ें नैनोकिं पोक्रिि के ररयोलॉक्रिकल गुणों और पररणा ी फो  की सेल आकृवत विज्ञमि के र्ीच सिंर्िंर् स्थाक्रपत करन ेका 

भी प्रयास करता ह।ै इसे प्राप्त करने के क्रलए, िाइिेक्रनय  डाइऑक्साइड नैनोकणों के 1, 2 और 3 विन प्रक्रतशत वाले नैनोकिं पोक्रिि के ताप ान, दर्ाव और 

सिंतकृ्रप्त स य के आर्ार पर अनुकूक्रलत फो  तैयार क्रकए गए। तैयार नैनोकिं पोक्रिि और उनके फो  को उनके ररयोलॉक्रिकल और  ॉफोलॉक्रिकल गुणों के 

क्रलए अक्रभलक्षक्रणत क्रकया गया ताक्रक तैयार फो  की फो ेक्रर्क्रलिी और फो   ॉफोलॉिी पर वर्वित िैिोविलसा और पररणा ी ररयोलॉक्रिकल गुणों के 

प्रभाव का अध्ययन क्रकया िा सके। यह देखा गया क्रक बहुलक नैनोकिं पोक्रिि के फोक्र िंग तिंत्र को बहुलक सिंरचना के रैक्रखक  ैक्सवेल  ॉडल क्रचत्रण द्वारा 

दशाबया िा सकता ह,ै िहािं नैनोकिं पोक्रिि की श्यमितम और भिंडारण  ापािंक ने फो   ॉफोलॉिी को क्रनर्ाबररत करन े ें  हत्वपूणब भकू्र का क्रनभाई। 

भौक्रतक फोक्र िंग प्रक्रिया की गहन स झ प्राप्त करन ेके क्रलए, पॉलीप्रोपाइलीन और इसके नैनोकिं पोक्रिि के सिंरचनात् क और रूपात् क गुणों पर सुपरक्रिक्रिकल 

कार्बन डाइऑक्साइड के प्रभाव का भी अध्ययन क्रकया गया, क्रिस ें उिसे बिी क्रफल् ों को क्रवक्रभन्न प्रक्रिया क्रस्थक्रतयों (दर्ाव, ताप ान, सिंतकृ्रप्त स य) र्ें 

सुपरक्रिक्रिकल कार्बन डाइऑक्साइड के अर्ीन रखम गया। अनुकूक्रलत न ूनों के एक्स-रे क्रववतबन क्रवशे्लषण और इलेक्रॉन  ाइिोस्कोपी का उपयोग करके 

सिंरचनात् क और रूपात् क विशेषतमएं प्राप्त क्रकए गए। इस सुपरक्रिक्रिकल कार्बन डाइऑक्साइड के प्रिमह के पररणा स्वरूप पॉलीप्रोपाइलीन के α के 

समथ β क्रिस्िल िी क   ात्रा  ें र्नते पमए गए और साथ ही प्रवतशत विस्टलीयतम और क्रिस्िलीय आकार  ें िी पररवतबन पमयम गयम। सुपरक्रिक्रिकल 
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कार्बन डाइऑक्साइड का उपयोग नैनोकिं पोक्रिि  ें नैनोक्रफलसब के क्रवतरण/फैलाव को र्ढाने के क्रलए भी प्रिमिी पाया गया, क्रिससे पररणा ी गुणों र्ें िी 

िवृि होगी। 

अिंत  ें, िाइिेक्रनय  डाइऑक्साइड (2 और 3 विन प्रक्रतशत) और ग्रेफीन (5 और 8 विन प्रक्रतशत) वर्वित पॉलीप्रोपाइलीन के हाइक्रिड नैनोकिं पोक्रिि 

तैयार क्रकए गए और उनके सिंरचनात् क और ररयोलॉक्रिकल गुणों के क्रलए उिकम अध्ययि वकयम गयम। PP-TiO2 नैनोकिं पोक्रिि के क्रलए स्थाक्रपत सहसिंर्िंर् 

हाइक्रिड नैनोकिं पोक्रिि के  ा ल े ें भी कुशलतापूवबक लागू पाया गया। इस प्रकार नैनोकिं पोक्रिि के ररयोलॉक्रिकल गुणों को बिमये गये फो  की सेल 

आकृवत विज्ञमि को  हत्वपूणब रूप से प्रभाक्रवत करतम हुआ पाया गया, क्रिसन ेर्दल े ें इन फो  की क्रवक्रशष्ट EMI परररक्षण दक्षता को प्रभाक्रवत क्रकया, िो 

नैनोकिं पोक्रिि की तुलना  ें काफी र्ढ गया। 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ix 
 

Table of Contents 

 

Topic Page no. 

Certificate i 

Acknowledgements ii-iv 

Abstract v-vi 

अमूर्त 

 
vii-viii 

Table of Contents ix-xv 

List of Figures xvi-xx 

List of Tables xxi 

Format of the Thesis xxii 

Chapter 1: Introduction and Literature Survey 

1.1 
Preamble 

1-6 

1.2 
Electromagnetic Interference Shielding 

6-15 

 

1.2.1 EMI Shielding Mechanism 

1.2.1.1 Shielding by Reflection 

1.2.1.2 Shielding by Absorption 

1.2.2 Structural Dependence of EMI Shielding Materials 

1.2.3 EMI Shielding Materials 

7 

9 

9 

11 

14 

1.3 
Polymer Nanocomposites 

15-31 

 

1.3.1 Types of Nanofillers 

1.3.1.1 Nanoclays 

1.3.1.2 Carbon Nanoparticles 

1.3.1.2.1 Carbon Nanotubes 

1.3.1.2.2 Carbon Nanofibers 

1.3.1.2.3 Carbon Black 

1.3.1.2.4 Graphene 

1.3.1.3 Nano-Oxides 

1.3.1.4 Organic Nanofillers 

17 

18 

19 

19 

21 

21 

22 

23 

24 



 

x 
 

1.3.2 Preparation of Polymer Nanocomposites 

1.3.2.1 Twin Screw Extrusion 

1.3.2.2 Batch Mixing / Internal Mixer 

1.3.2.3 Two-Roll Mill 

 

26 

27 

29 

30 

1.4 
Polymer Foams 31-38 

 

1.4.1 Classification of Polymer Foams 

1.4.1.1 Classification on basis of Hardness 

1.4.1.2 Classification on basis of Density 

1.4.1.3 Classification on basis of Bubble 

Structure 

1.4.2 Polymer Foaming Techniques 

1.4.2.1 Casting & Leaching 

1.4.2.2 Foaming via Chemical Blowing 

Agent (CBA) 

1.4.2.3 Foaming via Thermally Induced 

Phase Separation 

1.4.2.4 High Temperature Polymer Foams 

1.4.2.5 Expandable Bead Foaming 

1.4.2.6 Foaming via Physical Blowing 

Agent 

1.4.2.6.1 Batch Foaming 

1.4.2.6.2 Foam Extrusion 

Moulding 

1.4.2.6.3 Foam Injection Moulding 

32 

32 

32 

33 

 

 

33 

33 

33 

 

34 

 

34 

34 

34 

 

36 

37 

 

38 

1.5 
Polymer Nanocomposite Foams 38-39 

1.6 
Applications of Polymer/Polymer Nanocomposite Foams 39 

 

1.7 
Characterisation Techniques for Polymer Nanocomposites 

/Nanocomposite Foams 

 

40-42 

 

1.7.1 Differential Scanning Calorimetry 

1.7.2 Thermogravimetric Analysis 

1.7.3 Electron Microscopy 

1.7.4 Rheological Analysis 

1.7.5 Dynamic Mechanical Analysis 

1.7.6 X-ray Diffraction Spectroscopy 

40 

40 

41 

41 

41 

42 

1.8 
Research Gaps 

 

42 

1.9 
Objective 42 



 

xi 
 

1.10 
Plan of Work 43 

1.11 
References 44-58 

Chapter 2: Materials and Experimental Methods 

2.1 
Introduction 59 

2.2 
Raw Materials 59-64 

 2.2.1 Polypropylene 

2.2.2 Graphene 

61 

63 

2.3 
Preparation of TiO2 Nanoparticles 64 

2.4 
Preparation of PP/TiO2/Graphene Nanocomposites 64-66 

2.5 
Preparation of PP/TiO2/Graphene Nanocomposite Foams 67-68 

2.6 
scCO2 Treatment of PP and PP Nanocomposite Films 69 

2.7 
Characterisation Techniques 70-77 

 

 

2.7.1 Fourier Transform Infrared Spectroscopy (FTIR) 

2.7.2 Wide Angle X-ray Diffraction Spectroscopy 

(WAXD) 

2.7.3 Dynamic Light Scattering (DLS) 

2.7.4 Electron Microscopy/ Optical Microscopy 

2.7.5 Energy-Dispersive X-ray Analysis (EDAX) 

2.7.6 Thermal Analysis 

2.7.7 Parallel Plate Rheology 

2.7.8 Mechanical Analysis (DMA) 

2.7.9 Electromagnetic Interference Shielding 

Measurements 

71 

71 

 

72 

72 

73 

73 

74 

75 

76 

2.8 
References 78 

Chapter 3: An Investigative Study of Modified Sol-Gel Technique for 

Synthesis of Titanium Dioxide Nanoparticles and Characterisation of 

PP/TiO2/Graphene Nanocomposites 

3.1 
Introduction 79-82 

3.2 
Instantaneous Synthesis Technique of TiO2 Nanoparticles 83 

3.3 
Characterisation of TiO2 Nanoparticles 84-89 



 

xii 
 

 

3.3.1 FTIR Spectroscopy 

3.3.2 EDAX Analysis 

3.3.3 X-ray Diffraction Spectroscopy 

3.3.4 Transmission Electron Microscopy 

85 

86 

86 

87 

3.4 
Effect of Reaction Parameters 89-96 

 
3.4.1 Dynamic Light Scattering Analysis 

3.4.2 X-ray Diffraction Analysis 

 

89 

93 

3.5 
Characterisation of PP/TiO2/Graphene Nanocomposites 96-113 

 

3.5.1 Thermal Stability Analysis of PP-TiO2 

Nanocomposite 

3.5.2 Differential Scanning Calorimetry Analysis of PP-

TiO2 and PP-Graphene Nanocomposites 

3.5.3 Rheological Characterisation of PP/TiO2/Graphene 

Nanocomposites 

3.5.3.1 Rheological Characterisation of PP-

TiO2 and PP-Graphene 

Nanocomposites – Parallel Plate 

Rheology 

3.5.3.2 Rheological Characterisation of PP-

TiO2 and PP-Graphene 

Nanocomposites – Dynamical 

Mechanical Analysis 

3.5.3.3 Rheological Characterisation of PP-

TiO2-Graphene Hybrid 

Nanocomposites 

3.5.4 Structural Characterisation of PP-TiO2-Graphene 

Hybrid Nanocomposites 

96 

 

100 

 

101 

 

101 

 

 

 

107 

 

 

 

109 

 

 

112 

3.6 
Conclusion 113-114 

3.7 
References 115-119 

Chapter 4: Foaming of PP/TiO2/Graphene Nanocomposites using 

supercritical CO2 and Rheology-Foam Structure Correlation 

4.1 
Introduction 120-123 

4.2 
PP-TiO2 and PP-Graphene Nanocomposite Foams 123-131 

 
4.2.1 CO2 Desorption Study for PP-TiO2 Nanocomposites 

4.2.2 Physical Characterisation of PP-TiO2 Nanocomposite 

Foams 

123 

125 

 



 

xiii 
 

4.2.3 Scanning Electron Microscopy of PP-TiO2 

Nanocomposite Foams 

4.2.4 Dynamical Mechanical Analysis of PP-TiO2 

Nanocomposite Foams 

4.2.5 Electron Microscopy Comparison of PP-TiO2 and 

PP-Graphene Nanocomposite Foams 

127 

 

129 

 

130 

4.3 Rheology-Foam Structure Correlation for Polymer 

Nanocomposite Foams 
131-137 

4.4 
PP-TiO2-Graphene Hybrid Nanocomposite Foams 137-140 

 

4.4.1 Physical Characterisation of PP-TiO2-Graphene 

Hybrid Nanocomposite Foams 

4.4.2 X-ray Diffraction Analysis of PP-TiO2-Graphene 

Hybrid Nanocomposite Foams 

4.4.3 Scanning Electron Microscopy of PP-TiO2-Graphene 

Hybrid Nanocomposite Foams 

137 

 

138 

 

139 

4.5 
Conclusion 141 

4.6 References 

 
142-143 

Chapter 5: Crystallisation Study of Supercritical CO2 Treated 

PP/TiO2/Graphene Nanocomposite Films 

5.1 
Introduction 144-146 

5.2 Thermal, Structural and Morphological Analysis of scCO2 

Treated PP Films 
147-154 

 

5.2.1 Influence of Process Temperature on scCO2 Treated        

PP Films 

5.2.1.1 Thermogravimetric Analysis of scCO2 

Treated PP Films Treated at Different 

Temperatures 

5.2.1.2 Optical Analysis of scCO2 Treated PP 

Films Treated at Different Temperatures 

5.2.1.3 Structural Analysis of scCO2 Treated 

PP Films Treated at Different 

Temperatures 

5.2.2 Influence of Cooling Mechanism and Saturation 

Time on scCO2 Treated PP Films 

5.2.2.1 Differential Scanning Calorimetry 

Analysis of scCO2 Treated PP Films 

Treated with Different Cooling Rates and 

Saturation Time 

147 

 

147 

 

 

148 

 

149 

 

 

150 

 

151 

 

 

 



 

xiv 
 

5.2.2.2 X-ray Diffraction Analysis of scCO2 

Treated PP Films Treated with Different 

Cooling Rates and Saturation Time 

5.2.3 Influence of Applied Pressure During scCO2 

Treatment on PP Films 

152 

 

 

153 

5.3 Structural and Morphological Analysis of scCO2 Treated PP-

TiO2 Nanocomposite Films 
154-158 

 

5.3.1 Structural Analysis of scCO2 Treated PP-TiO2 

Nanocomposite Films 

5.3.2 Field Emission Scanning Electron Microscopy of 

scCO2 Treated PP-TiO2 Nanocomposite Films 

154 

 

157 

5.4 Structural (X-ray Diffraction) Analysis of scCO2 Treated PP-

TiO2-Graphene Hybrid Nanocomposite Films 

158-159 

5.5 
Conclusion 159 

5.6 
References 160-161 

Chapter 6: Assessment of PP-TiO2-Graphene Hybrid Nanocomposites 

and their Foams for EMI Shielding Applications 

6.1 
Introduction 162-165 

6.2 
Electromagnetic Interference Shielding Effectiveness of PP-

TiO2-Graphene Hybrid Nanocomposites and Nanocomposite 

Foams 

165-183 

 

6.2.1 Electromagnetic Interference Shielding Effectiveness 

of PP-TiO2-Graphene Hybrid Nanocomposites 

6.2.2 Electromagnetic Interference Shielding Effectiveness 

of PP-TiO2-Graphene Hybrid Nanocomposites 

Treated using Supercritical CO2 at 145ºC 

6.2.3 Electromagnetic Interference Shielding Effectiveness 

of PP-TiO2-Graphene Hybrid Nanocomposites 

Treated/Foamed using Supercritical CO2 at 155ºC 

6.2.4 Electromagnetic Interference Shielding Effectiveness 

of PP-TiO2-Graphene Hybrid Nanocomposites 

Treated using Supercritical CO2 at 165ºC 

166 

 

170 

 

 

175 

 

 

180 

 

 

6.3 
Conclusion 183 

6.4 
References 184-185 

Chapter 7: Summary and Conclusion 

7.1 
Introduction 186 



 

xv 
 

7.2 
Summary of the Thesis 186-189 

 

7.2.1 – An Investigative Study of Modified Sol- Gel 

Technique for Synthesis of Titanium Dioxide 

Nanoparticles and Characterisation of 

PP/TiO2/Graphene Nanocomposites 

7.2.2 – Foaming of PP/TiO2/Graphene Nanocomposites 

using Supercritical CO2 and Rheology-Foam 

Structure Correlation 

7.2.3 – Crystallisation Study of Supercritical CO2 Treated 

PP/TiO2/Graphene Nanocomposite Films 

7.2.4 – Assessment of PP-TiO2-Graphene Hybrid 

Nanocomposites and their Foams for EMI 

Shielding Applications 

 

186 

 

 

 

187 

 

 

188 

 

188 

 

 

 

7.3 
Overall Conclusion 189-191 

7.4 
Future Scope 

192 

 
Biodata 

 

 

 

 

 

 

 



 

xvi 
 

List of Figures 

 

Figure no. Caption Page no. 

1.1 
Electromagnetic frequency spectrum and EMI susceptibility levels 

1 

1.2 
Schematic of various aerospace EMI sources 

2 

1.3 
Schematic representation of work done in this study 

6 

1.4 
Schematic representation of a polymer nanocomposite 

16 

1.5 
Crystalline structure of nanoclay 

19 

1.6 
Single-walled and multi-walled carbon nanotubes 

20 

1.7 Schematic depicting conversion of graphite to graphene oxide to 

graphene 

23 

1.8 Chemical structure of (a) cellulose, (b) monomers of lignin, (c) chitin, 

(d) chitosan 

25 

1.9 (a) A basic twin-screw extrusion process for polymer processing (b) 

Screw design for nanofiller dispersion 

28 

1.10 
Internal mixer being used for preparation of polymer nanocomposites 

30 

1.11 Schematic showing processing of MWCNT incorporated polymer 

nanocomposite using two-roll mill 

31 

1.12 
Physical structure of (a) open-cell, (b) closed-cell foam 

33 

1.13 
CO2 assisted foaming of polymer blend 

35 

1.14 
Batch foaming setup using physical blowing agent 

37 

2.1 
DSC analysis of Polypropylene (1110MG) 

61 

2.2 
TGA analysis of Polypropylene (1110MG) 

62 

2.3 
XRD spectra of Polypropylene (1110MG) 

63 

2.4 
XRD pattern of Graphene 

63 

2.5 
Thermo Scientific HAAKE MiniLab II micro compounder 

65 

2.6 
(a) Haake Rheomix (Thermo Scientific HAAKE polylab OS, Germany) 

internal mixer (b) Thermo Scientific HAAKE Rheomix single screw 

extruder 

65 

2.7 
Two-roll mill (Neoplast Engineering Pvt. Ltd.) 

66 

2.8 
Compression molding machine by Lab Tech Engineering Ltd. 67 



 

xvii 
 

2.9 
2L non-stirrer batch foaming setup 

68 

2.10 
Rigaku Ultima IV WAXD equipment 

71 

2.11 
Malvern Zetasizer Na DLS equipment 

72 

2.12 
Zeiss EVO 18 scanning electron microscope 

73 

2.13 
Leica DMC-4500 optical microscope 

73 

2.14 
DSC (Q200 TA Instruments) 

74 

2.15 
Bohlin C-VOR parallel plate rheometer 

75 

2.16 
Anton Paar parallel plate rheometer 

75 

2.17 
TA Instruments Q800 for dynamical mechanical analysis 

76 

2.18 
UTM, Zwick Z010 (Kennesaw, GA) 

76 

2.19 
Keysight N5224A PNA network analyser 

77 

3.1 Schematic of instantaneous synthesis technique compared to 

conventional sol-gel technique 

84 

3.2 
FTIR spectra obtained for synthesised TiO2 particles 85 

3.3 
EDAX spectroscopy of synthesised TiO2 particles 86 

3.4 
XRD analysis of synthesised TiO2 particles 

87 

3.5 

Transmission electron microscopy at magnification (a) 25000X and (b) 

100000X for synthesised TiO2 particles, along with (c) their particle size 

distribution 

87 

3.6 Particle size distribution of titanium dioxide synthesised using different 

catalysts 

90 

3.7 
Particle size distribution of titanium dioxide synthesised using different 

precursor-solvent ratio 
91 

3.8 Particle size distribution of titanium dioxide synthesised using different 

catalyst concentration 

92 

3.9 Particle size distribution of titanium dioxide synthesised at different 

temperatures 

93 

3.10 X-ray diffraction spectra of titanium dioxide synthesised using different 

catalysts 

94 

3.11 

X-ray diffraction spectra of titanium dioxide synthesised using different 

precursor-solvent ratio 

 

 

95 



 

xviii 
 

3.12 
X-ray diffraction spectra of titanium dioxide synthesised using different 

catalyst concentration 
95 

3.13 X-ray diffraction spectra of titanium dioxide synthesised at different 

temperatures 

96 

3.14 
Thermogravimetric analysis of PP and PP-TiO2 nanocomposite  

97 

3.15 

Thermogravimetric analysis of PP-TiO2 nanocomposites made by using 

2 wt.% TiO2 synthesised at varying (a) catalysts concentration, (b) 

catalyst type, (c) reaction temperature, (d) precursor-solvent ratio  

98 

3.16 Differential scanning calorimetry of PP-TiO2 and PP-Graphene 

nanocomposites 

100 

3.17 Complex viscosity measurements for PP-TiO2 and PP-Graphene 

nanocomposites at 190ºC 

102 

3.18 Schematic of selective absorption of high molecular mass polymer 

chains over the surface of nanoparticles 

103 

3.19 

Parallel plate rheological measurements at 190ºC: PP-TiO2 and PP-

Graphene nanocomposites with results demonstrating (a) storage 

modulus, (b) loss modulus, (c) loss factor, (d) enlarged cross-over region 

for loss factor curve 

105 

3.20 Complex viscosity measurements: PP-TiO2 and PP-Graphene 

nanocomposites at 175ºC 

106 

3.21 

Parallel plate rheological measurements at 175ºC: PP-TiO2 and PP-

Graphene nanocomposites with results demonstrating (a) storage 

modulus, (b) loss modulus, (c) loss factor, (d) enlarged cross-over region 

for loss factor curve 

107 

3.22 
Dynamical mechanical analysis: PP-TiO2 and PP-Graphene 

nanocomposites with individual graphs representing (a) storage 

modulus, (b) loss modulus, (c) loss factor 

108 

3.23 Complex viscosities values for PP-TiO2-Graphene hybrid 

nanocomposites 

110 

3.24 
Storage modulus values for PP-TiO2-Graphene hybrid nanocomposites 

110 

3.25 
Loss modulus values for PP-TiO2-Graphene hybrid nanocomposites 

111 

3.26 
Loss factor values for PP-TiO2-Graphene hybrid nanocomposites 

111 

3.27 
X-ray diffraction spectra for PP-TiO2-Graphene hybrid nanocomposites 

113 

4.1 
Schematic representing foaming using physical blowing agents 

121 

4.2 
Gas desorption rate: PP-TiO2 nanocomposites 

124 

4.3 Photographs of PP-TiO2 nanocomposite foams prepared at different 

temperatures 

125 

4.4 Density analysis for PP-TiO2 nanocomposite foams prepared at different 

(a) temperatures and (b) pressure and saturation time 

127 



 

xix 
 

4.5 

Scanning electron micrographs: PP-TiO2 nanocomposite foams (a) PP-

TiO2-1 @ 145°C (b) PP-TiO2-2 @ 145°C (c) PP-TiO2-3 @ 145°C (d) 

PP-TiO2-1 @ 155°C (e) PP-TiO2-2 @ 155°C (f) PP-TiO2-3 @ 155°C (g) 

PP-TiO2-1 @ 165°C (h) PP-TiO2-2 @ 165°C (i) PP-TiO2-3 @ 165°C 

128 

4.6 
Dynamical mechanical analysis and compression test analysis of PP-

TiO2 nanocomposite foams showing the variation in (a) storage modulus, 

(b) loss modulus, (c) loss factor, (d) elastic modulus 

130 

4.7 
Cross sectional micrographs of: (a) PP-Graphene nanocomposite (a’) 

PP-TiO2 nanocomposite (b) PP-Graphene nanocomposite foam (b’) PP-

TiO2 nanocomposite foam 

131 

4.8 
Schematic representation of cell coalition during foam expansion 

132 

4.9 Mechanism of cell coalition: leading to the formation of larger cells as a 

result of applied stress 

133 

4.10 
Linear Maxwell model: representing polymer chains 

134 

4.11 Stress vs time plots: calculated for prepared PP-TiO2 and PP-Graphene 

nanocomposites characterised at 190ºC 

135 

4.12 Stress vs time plots: calculated for prepared PP-TiO2 and PP-Graphene 

nanocomposites characterised at 175ºC 

136 

4.13 Density analysis of PP-TiO2-Graphene hybrid nanocomposites and their 

foams 

137 

4.14 X-ray diffraction spectra for foamed hybrid nanocomposites and 

unfoamed polypropylene 

139 

4.15 

Scanning electron microscopy images for PP-TiO2-Graphene hybrid 

nanocomposite foams: (a) PP (1110MG), (b) PP-TiO2-Graphene-(2:5), 

(c) PP-TiO2-Graphene-(3:5), (d) PP-TiO2-Graphene-(2:8), (e) PP-TiO2-

Graphene-(3:8) 

140 

5.1 
Schematic of the effect of supercritical CO2 treatment on polymer film 

146 

5.2 
Thermogravimetric analysis of scCO2 treated polypropylene films  

148 

5.3 Optical analysis of polypropylene films: (a) untreated; and films treated 

with scCO2 at (b) 140°C, (c) 150°C, and (d) 160°C  
148 

5.4 
XRD analysis of scCO2 treated polypropylene films 

150 

5.5 Differential scanning calorimetry analysis of scCO2 treated 

polypropylene films 

151 

5.6 X-ray diffraction analysis of polypropylene films treated with scCO2 

with different cooling rates at (a) 150°C, and (b) 140°C 

152 

5.7 X-ray diffraction analysis of polypropylene films treated with scCO2 at 

different pressures 

153 

5.8 

X-ray diffraction analysis of scCO2 treated PP-TiO2 nanocomposite 

films: (a) PP, (b) PP-TiO2-1, (c) PP-TiO2-2, and (d) PP-TiO2-3 treated at 

two different temperatures along with (e) crystallite size analysis and (f) 

% β crystals developed 

 

156 



 

xx 
 

5.9 

Electron micrographs of before and after scCO2 treatment of PP-TiO2 

films: (a) PP-TiO2-1 (before treatment), (a’) PP-TiO2-1 (after treatment), 

(b) PP-TiO2-2 (before treatment), (b’) PP-TiO2-2 (after treatment), (c) 

PP-TiO2-3 (before treatment), (c’) PP-TiO2-3 (after treatment) 

157 

5.10 X-ray diffraction spectra of scCO2 treated PP-TiO2-Graphene films of (a) 

varying filler composition, (b) varying filler concentration 

159 

6.1 (a) Reflection coefficient and (b) Reflection shielding effectiveness of 

PP-TiO2-Graphene nanocomposites 

166 

6.2 (a) Absorption coefficient and (b) Absorption shielding effectiveness of 

PP-TiO2-Graphene nanocomposites 

167 

6.3 (a) Ratio of absorption vs reflection shielding effectiveness and (b) Total 

shielding effectiveness of PP-TiO2-Graphene nanocomposites 

169 

6.4 
(a) Reflection coefficient and (b) Reflection shielding effectiveness of 

PP-TiO2-Graphene nanocomposites treated using supercritical CO2 at 

145ºC 

170 

6.5 
(a) Absorption coefficient and (b) Absorption shielding effectiveness of 

PP-TiO2-Graphene nanocomposites treated using supercritical CO2 at 

145ºC 

172 

6.6 
(a) Ratio of absorption vs reflection shielding effectiveness and (b) Total 

shielding effectiveness of PP-TiO2-Graphene nanocomposites treated 

using supercritical CO2 at 145ºC 

174 

6.7 
(a) Reflection coefficient and (b) Reflection shielding effectiveness of 

PP-TiO2-Graphene nanocomposites foamed using supercritical CO2 at 

155ºC 

175 

6.8 

(a) Absorption shielding effectiveness ratio for foamed (F) vs unfoamed 

(UF) samples and (b) Absorption coefficient and (c) Absorption 

shielding effectiveness of PP-TiO2-Graphene nanocomposites foamed 

using supercritical CO2 at 155ºC 

177 

6.9 
(a) Ratio of absorption vs reflection shielding effectiveness and (b) Total 

shielding effectiveness of PP-TiO2-Graphene nanocomposites foamed 

using supercritical CO2 at 155ºC 

179 

6.10 
(a) Reflection coefficient and (b) Reflection shielding effectiveness of 

PP-TiO2-Graphene nanocomposites treated using supercritical CO2 at 

165ºC 

180 

6.11 
(a) Absorption coefficient and (b) Absorption shielding effectiveness of 

PP-TiO2-Graphene nanocomposites treated using supercritical CO2 at 

165ºC 

181 

6.12 
(a) Ratio of absorption vs reflection shielding effectiveness and (b) Total 

shielding effectiveness of PP-TiO2-Graphene nanocomposites treated 

using supercritical CO2 at 165ºC 

182 

 

 



 

xxi 
 

List of Tables 

 

Table no. Caption Page no. 

1.1 
Electromagnetic frequency spectrum and EMI susceptibility levels 

3 

1.2 
Electromagnetic shielding efficiency of different materials 

5 

2.1 
Details of raw materials used 59 

2.2 
Chemical structure of raw materials used 60 

2.3 Temperature-pressure-saturation time conditions used for batch foaming 

processes 

68 

2.4 Temperature-pressure-saturation time conditions used for scCO2 

treatment 

69 

2.5 
List of characterisation techniques 

70 

3.1 Specific variations in reaction parameters for the synthesis of TiO2 

nanoparticles 

83 

3.2 
Elemental analysis results obtained for synthesised particles 

86 

3.3 Comparative analysis of different synthesis techniques for TiO2 

nanoparticles, including the present work 

88 

3.4 
Thermal properties of PP-TiO2 and PP-Graphene nanocomposites 

101 

4.1 Cell density for PP-TiO2 nanocomposites foamed at various temperatures 129 

4.2 
Cell density for PP-TiO2-Graphene hybrid nanocomposite foams 

140 

5.1 Fraction of β crystallites in polypropylene films, untreated and treated at 

different temperatures  

150 

5.2 Fraction of β crystallites in polypropylene films, untreated and treated 

with different temperatures and cooling mechanisms 

153 

5.3 Fraction of β crystallites in polypropylene films, untreated and treated at 

different pressures 

154 

 

 



 

xxii 
 

 

 

Format of the Thesis 

 

The thesis comprises of the following chapters 

Chapter 1: Introduction and Literature Survey 

Chapter 2: Materials and Experimental Methods 

Chapter 3: An Investigative Study of Modified Sol-Gel Technique for Synthesis of 

Titanium Dioxide Nanoparticles and Characterisation of PP/TiO2/Graphene 

Nanocomposites 

Chapter 4: Foaming of PP/TiO2/Graphene Nanocomposites using supercritical CO2 

and Rheology-Foam Structure Correlation 

Chapter 5: Crystallisation Study of Supercritical CO2 Treated PP/TiO2/Graphene 

Nanocomposite Films 

Chapter 6: Assessment of PP-TiO2-Graphene Hybrid Nanocomposites and their 

Foams for EMI Shielding Applications 

Chapter 7: Summary and Conclusion 

 

 

 

 


