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ABSTRACT 

 

Increasing instances of terror attacks, civil wars and communal clashes have made body 

armour a research hotspot for the textile scientific fraternity. New high-performance 

materials are sought-after to replace the aramids which are in use for almost last five 

decades. Surface treatments like shear thickening fluid (STF) impregnation, metal oxide 

nanostructure grafting, plasma treatment, etc. are being explored to augment the impact 

resistance of high-performance woven fabrics. Improved design of armour panel via 

judicious arrangement or stacking of constituent fabric layers has also received 

considerable attention. The present research revolves around improving the impact 

resistance performance of ultra-high molecular weight polyethylene (UHMWPE) woven 

fabrics by STF impregnation, zinc oxide nanorod grafting and angular stacking of fabric 

layers. 

In the first part of this research, an attempt was made to develop predictive models 

for flow curve of STF at various shear rates and temperatures. The developed 

phenomenological and artificial neural network models were able to represent the typical 

nature of the flow curve comprising of three distinct zones.  

In the second part of research, an attempt was made to understand the role of 

fabric structure in inducing the effectiveness of STF impregnation. Plain woven fabrics, 

with three levels of sett (EPI×PPI), namely 22.5×22.5, 25×25 and 27.5×27.5 inch-1; and 

with seven levels of sett from 25×25 to 55×55 inch-1, in steps of five, were produced 

using 1350 denier and 400 denier Dyneema® SK75 yarns, respectively. After 

impregnation with STF, having 65% (w/w) silica in polyethylene glycol, at 2 bar padding 

pressure, yarn pull-out force and impact resistance increased for all fabrics woven with 

coarser 1350 denier yarn and loose fabrics woven with 400 denier yarn (i.e. sett ≤ 35×35 

inch-1). However, for tightly woven fabrics of 400 denier yarn, having sett ≥ 40×40 inch-1, 

STF impregnation deteriorated the impact resistance despite increased yarn pull-out force. 

This fabric structure induced effectiveness of STF was found to be valid at different 

levels of STF add-on obtained by varying the padding pressure up to 5 bar. Interestingly, 

STF impregnation was found to be beneficial in less firm weaves (2/2 twill, 3/1 twill and 

2×2 matt woven fabrics) even at very high sett (50×50 inch-1) as the number of 

interlacements was lower than that of plain weave.  
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An attempt was made in the third part of the research to increase the inter-yarn 

friction in UHMWPE fabrics by zinc oxide nanorod (Z-NR) grafting with the objective to 

augment their impact resistance performance. The same plain woven fabrics used in 

previous part of research, with addition of a fabric with sett of 20×20 inch-1, produced 

using 1350 denier Dyneema® SK75 yarn, were used in this part of research as well. Z-

NR grafting exhibited similar kind of fabric structure induced beneficial effect on impact 

resistance performance of UHMWPE plain woven fabrics as that of STF impregnation. 

However, in general, Z-NR grafting exhibited higher or at least comparable impact 

energy absorption and peak force, with much lower add-on, as compared to STF 

impregnation. Fabrics grafted with Z-NR also showed lower yarn pull-out as compared to 

that observed in STF impregnated fabrics during impact failure.  

In the last part of this research, an attempt was made to configure soft armour 

panels by imparting angular orientation to constituent woven fabric plies. Seven sets of  

3-, 4- and 5- layered panels were stitched from neat and STF impregnated Spectra®, 

Kevlar® 363 2S and Kevlar® 802 F fabrics by stacking them in varying angular 

orientations. An increase in ballistic energy absorption by 15% to 19%, 34% to 58%, and 

7% to 27% was observed with increase in number of angular orientations in STF 

impregnated 3-layered Spectra, 4-layered Spectra and 4-layered Kevlar 363 2S panels, 

respectively. In 5-layered panels made from neat Kevlar 802 F fabrics, up to 34% 

improvement in impact energy absorption was obtained with angular orientations.  

  



सार 

आतंकी हमलों, गहृ युद्धों और सांप्रदायिक झड़पों की बढ़ती घटनाओ ं के चलते रक्षा 

कवच वैज्ञानिकों के ललए शोध का अहम क्षेत्र बन गये है। लगभग पााँच दशकों से 

उपिोग में आ रहे अरालमड फाइबर से भी बेहतर उच्च-यनष्पादन फाइबर की आवश्यकता 

है तथा तलाश जारी है। अत्यधिक मजबूत बुने हुए कपड़ों के आघात प्रयतरोध को बढ़ाने 

के ललये ववलभन्ि तकिीकों का पता लगािा जा रहा है, जैसे लशयर धथकनििंग फ्लूईड 

(एस.टी.एफ) सिंसेचि, धातु ऑक्साइड नैनोस्ट्रक्चर ग्राफट िंग, प्लाज़्मा ववककरण पद्धनत, 

इत्याटि। बेहतर गुणवत्ता वाला रक्षा कवच बिािे के ललए कपडे की परतों को व्यवस्थथत 

करिे के तरीकों पर भी शोि ककया जा रहा है। इस शोि प्रबिंि में यू.एच.एम.डब्ल्यू.पी.ई  

से बुिे कपडों की आघात प्रनतरोि को बढािे के ललए एस. ी.एफ सिंसेचि, स्जिंक ऑक्साइड 

नैनोस्ट्रक्चर ग्राफट िंग और कपडे की परतों के क्रम व कोणीय अलभववन्यास पर शोि 

ककया गया है। 

 इस शोि के पहले भाग में ववलभन्ि लशयर िरों और तापमाि पर एस. ी.एफ 

के प्रवाह वक्र का अिुमाि लगािे वाले मॉडेलों को ववकलसत करिे का प्रयास ककया 

गया। ववकलसत ककए गये कफिोलमिोलॉस्जकल और आट िफीलशयल न्यूरल िे वकि  मॉडल 

एस. ी.एफ के प्रवाह वक्र के तीि विलशष्ट क्षेत्रों का अिुमाि लगािे में सक्षम पाए गये। 

अिुसिंिाि के िसूरे भाग में, एस. ी.एफ सिंसेचि की प्रभावशीलता में कपडे की 

सिंरचिा की भूलमका को समझिे का प्रयास ककया गया। १३५० और ४०० डेनियर के 

डायिीमा एस.के. ७५ यािि का उपयोग करके क्रमश: तीि घित्व के यानि २२.५×२२.५, 

२५×२५, २७.५×२७.५ प्रनत इिंच, और पााँच के चरणों में २५×२५ से ५०×५० प्रनत इिंच तक 

के सात थतरों के साथ, सािी बुिाई वाले कपडों को उत्पाटित ककया गया। इि कपडों 

पर २ बार पैडड िंग िबाव के साथ एस. ी.एफ (पॉली-इथायलीि ग्लाइकोल में ६५% 

लसललका) सिंसेचि ककया गया। अवलोकि करिे पर एस. ी.एफ सिंसेचि से १३५० डेनिअर 



यािि से बुने सभी कपडों में और ४०० डेनिअर यािि से बुने ढीले कपडों (घित्व ≤ ३५×३५ 

प्रनत इिंच) में यािि पुल-आउ  बल और आघात प्रनतरोि में ववृद्ध पाई गई। दसूरी ओर, 

४०० डेनिअर यािि के कसकर बुिे हुए कपडों (घित्व ≥ ४०×४० प्रनत इिंच) में एस. ी.एफ 

सिंसेचि िे यािि पुल-आउ  बल में ववृद्ध के बावजूि आघात प्रनतरोि को खराब कर 

टिया। कपडे की सिंरचिा पर निभिर एस. ी.एफ सिंसेचि की इस प्रभावशीलता को ववलभन्ि 

ऐड-ऑि थतरों पर (जो कक पैडड िंग िबाव बिल कर पाए गये), ५ बार पैडड िंग िबाव तक 

वैि पाया गया। टिलचथप बात यह है कक एस. ी.एफ सिंसेचि कम दृढ बुिाई (२/२ 

ट्ववल, ३/१ ट्ववल और २×२ मै ) वाले कपडों में बहुत अधिक घित्व (५०×५० प्रनत 

इिंच) होिे पर भी फायिेमिंि पाया गया, क्योंकक इसमे स्ज्ि की सिंख्या सािी बुिाई की 

तुलिा में कम थी। 

अनुसंधान के तीसरे भाग में स्जिंक ऑक्साइड िैिोरोड (ज ़्-ि.र.) ग्रास्फ् िंग 

द्वारा यू.एच.एम.डब्ल्य.ूपी.ई कपडों में अिंतर-यािि घर्िण को बढािे के ललए प्रिास ककया 

गया ताकक उिके आघात प्रनतरोि को बढाया जा सके। अिुसिंिाि के वपछले भाग में 

उपयोग ककए समाि सािे बुिे हुए कपडों का तथा १३५० डेनियर डायिीमा एस.के. ७५ 

यािि से २०×२० प्रनत इिंच घित्व में बुिे कपडे का उपयोग अिुसिंिाि के इस भाग में 

भी ककया गया। ज ़्-ि.र. ग्रास्फ् िंग िे भी एस. ी.एफ सिंसेचि के रूप में 

यू.एच.एम.डब्ल्यू.पी.ई के सािे बुिे हुए कपडे के आघात प्रनतरोि प्रिशिि पर उसी तरह 

के कपडे सिंरचिा से उपजे लाभकारी प्रभाव का प्रिशिि ककया। हालािंकक, सामान्य तौर 

पर, ज ़्-ि.र. ग्रास्फ् िंग िे एस. ी.एफ सिंसेचि की तुलिा में बहुत कम ऐड-ऑि के साथ 

उच्च या कम से कम तुलिीय आघात ऊजाि अवशोर्ण और लशखर बल का प्रिशिि 

ककया। इसके अनतररक्त ज ़्-ि.र. ग्रास्फ् िंग के साथ तैयार ककए गए कपडे में एस. ी.एफ 

सिंसेधचत कपडे की तुलिा में आघात होिे के बाि कम यािि पुल-आउ  भी पाया गया। 

 



इस शोि के अिंनतम भाग में बुिे हुए कपडे को कोणीय अलभववन्यास प्रिाि करके 

िरम कवच पैिलों का निमािण ककया गया। थपेक्रा, केवलार ३६३ २.एस और केवलार 

८०२ एफ कपडों से िरम कवच के ७ समुच्चय बिाए गए स्जिमें तीि- चार- और पााँच- 

कपडों की परतें उपयोग की गई। तीि परत वाले थपेक्रा, चार परत वाले थपेक्रा, चार 

परत वाले केवलार ३६३ २.एस पैिलों में क्रमशः १५-१९%, ३४-५८% और ७-२७% आघात 

ऊजाि अवशोर्ण में ववृद्ध िजि की गई। कोणीय अलभववन्यास से ५ परतों वाली बबिा 

सिंसेचि के केवलार ८०२ एफ के पैिलों में आघात ऊजाि अवशोर्ण में ३४% की ववृद्ध 

पाई गई। 

 



 

 vii 

CONTENTS 

 
 

  Page No. 

 Certificate  i 

 Acknowledgements iii 

 Abstract v 

 Table of Contents vii 

 List of Figures xiii 

 List of Tables xvii 

   

   

Chapter 1 Introduction  

   1.1 General 1 

   1.2 Motivation 1 

   1.3 Objectives: Broad Objective and Specific Objectives 2 

   1.4 Organisation of Thesis 3 

   

Chapter 2 Literature Review  

   2.1 Introduction to Body Armour 5 

   2.2 Comparative Analysis of High-Performance Fibres 5 

2.2.1     Why UHMWPE? 9 

   2.3 Role of Fabric Structure 11 

2.3.1     Two dimensional (2D) woven fabrics 12 

2.3.2     Other 2D fabric structures 14 

2.3.3     Unidirectional (UD) laminates 15 

2.3.4     Three dimensional (3D) woven and knitted fabrics 16 

   2.4 Surface Treatments of Fabrics 18 

2.4.1     Shear thickening fluids 19 

2.4.1.1         Application of STF for enhancement of impact resistance 21 

2.4.1.2         Modification of STF  23 

2.4.1.3         Other non-Newtonian materials 24 

2.4.1.4         Rheological models 25 

2.4.2    Metal oxide nanorod grafting 25 



 

 viii 

2.4.3    Role of friction  26 

   2.5 Hybrid Panels 27 

2.5.1     Fabric layers of different fibres or different structures 28 

2.5.2     Fabric layers with different surface treatments 29 

2.5.3     Fabric layers with angular orientations 29 

   2.6 Summary 31 

   

Chapter 3 Materials and Methods  

   3.1 Introduction 33 

   3.2 Materials 33 

   3.3 Sample Preparation Methods 33 

3.3.1     Fabric manufacturing 33 

3.3.2     Synthesis of STF 35 

3.3.3     Impregnation in fabrics with STF  35 

   3.4 Testing and Characterisation 36 

3.4.1     Physical and rheological characterisation  36 

3.4.1.1         Fabric structure analysis 36 

3.4.1.2         Rheological analysis of STF 36 

3.4.2 Material characterisation  37 

3.4.2.1          Scanning electron microscopy  37 

3.4.2.2          Energy dispersive X-ray analysis 37 

3.4.2.3          X-ray diffraction analysis 38 

3.4.3 Performance evaluation  38 

3.4.3.1         Yarn pull-out test 38 

3.4.3.2          Dynamic impact test 39 

   

Chapter 4 Prediction of flow curves of shear thickening fluids 

using phenomenological and artificial neural 

network models 

 

   4.1 Introduction 41 

   4.2 Materials and Methods 42 

4.2.1     Synthesis of STF 42 

4.2.2     Rheological analysis of STF 43 



 

 ix 

4.2.3     Phenomenological model development 43 

4.2.3.1         Introduction to Galindo-Rosales’ model 43 

4.2.3.2         Data sorting and trend analysis 45 

4.2.3.3         Implementation of Galindo-Rosales’ model 47 

4.2.4     Artificial Neural Network (ANN) model development 48 

4.2.4.1         Basics of artificial neural network (ANN) 48 

4.2.4.2         Implementation of ANN model 50 

   4.3 Results and Discussion 51 

4.3.1     Rheological analysis of STF 51 

4.3.2     Prediction efficiency of phenomenological model 52 

4.3.3     Prediction efficiency of ANN model 55 

   4.4 Conclusions 58 

   

Chapter 5 Fabric structure induced effectiveness of shear 

thickening fluid in modulating the impact resistance 

of UHMWPE fabrics 

 

   5.1 Introduction 61 

   5.2 Materials and Methods 62 

5.2.1     Materials 62 

5.2.2     Preparation of fabric samples 63 

5.2.3     Synthesis of STF 64 

5.2.4     Impregnation in fabrics with STF 64 

5.2.5     Rheological analysis of STF 64 

5.2.6     Yarn pull-out testing 65 

5.2.7     Dynamic impact testing 65 

   5.3 Results and Discussion 65 

5.3.1     Rheological analysis of STF 65 

5.3.2     Surface morphology of STF impregnated fabrics 66 

5.3.3     Effect of STF impregnation on yarn pull-out force 68 

5.3.4     Effect of STF impregnation on impact energy absorption 71 

5.3.4.1          Effect of fabric sett 71 

5.3.4.2         Effect of STF add-on  78 

5.3.4.3         Effect of weaves  80 

   5.4 Conclusions 84 



 

 x 

Chapter 6 Grafting zinc oxide (ZnO) nanorods for improving 

impact resistance of UHMWPE fabrics  

 

   6.1 Introduction 87 

   6.2 Materials and Methods 88 

6.2.1     Materials 88 

6.2.2     Preparation of fabric samples 89 

6.2.3     Zinc oxide nanorod (Z-NR) grafting on fabrics 89 

6.2.4     Synthesis of STF 92 

6.2.5 Impregnation in fabrics with STF 92 

6.2.6 Characterisation of fabrics 92 

6.2.7 Yarn pull-out testing 92 

6.2.8 Dynamic impact testing 93 

   6.3 Results and Discussion 93 

6.3.1 Surface morphology of fabrics 93 

6.3.2 X-ray diffractions 95 

6.3.3 Add-on due to different treatments 97 

6.3.4 Effect of different treatments on yarn pull-out  98 

6.3.5 Effect of different treatments on dynamic impact resistance of 

fabrics  

102 

6.3.5.1 Fabrics woven with 1350 denier yarn 102 

6.3.5.2 Fabrics woven with 400 denier yarn 106 

   6.4 Conclusions 110 

   

Chapter 7 Designing soft armour panel by angular stacking of 

STF impregnated high-performance fabrics  

 

   7.1 Introduction 113 

   7.2 Materials and Methods 114 

7.2.1 Materials 114 

7.2.2 Synthesis of STF 115 

7.2.3 Impregnation in fabrics with STF  115 

7.2.4 Preparation of soft armour panels 115 

7.2.5 Ballistic performance evaluation 117 

   7.3 Results and Discussion 119 

7.3.1 Ballistic performance of 3-layered Spectra fabric panels 119 



 

 xi 

7.3.2 Ballistic performance of 4-layered Spectra fabric panels 120 

7.3.3 Ballistic performance of 4-layered Kevlar 363 2S fabric panels 122 

7.3.4 Schematic analysis of angular orientations 124 

7.3.5 Ballistic performance of 5-layered Kevlar 802 F fabric panels  126 

   7.4 Conclusions 127 

   

Chapter 8 Overall Conclusions 129 

   

Chapter 9 Suggestions for Future Research 131 

   

References  133 

   

Bio-data  147 

   

List of Publications 149 

 



 

 xiii 

LIST OF FIGURES 

 
 

Figure No. Figure Caption Page No. 

   
2.1 Relation between specific tensile modulus vs specific tensile 

strength of popular high-performance fibres  

11 

2.2 Two-dimensional representation of shapes of wave front in (a) 

biaxial, and (b) triaxial fabrics upon impact 

15 

2.3 Impact load distribution in woven fabric and UD fabric 16 

2.4 Schematic depiction of 3D weave patterns  18 

2.5 Basic hydrocluster mechanism of STF  21 

2.6 Response to impact by neat and STF impregnated high-

performance woven fabrics  

22 

2.7 The sliding of primary yarns as a response to impact 26 

2.8 The proportion of energy dissipated by secondary yarns and 

primary yarns  

28 

3.1 CCI Tech (a) single-end sizing machine (SS565), (b) single-end 

warping machine (SW550), and (c) sample weaving loom 

(Evergreen 500) 

34 

3.2 Elmasonic S 60 H water-bath Ultrasonicator 35 

3.3 STF impregnation in fabric on padding mangle 36 

3.4 Anton Paar Physica MCR 51 stress controlled rheometer 37 

3.5 Profile of fabric sample for yarn pull-out test 38 

3.6 Set-up for yarn pull-out test 39 

3.7 CEAST Fractovis Plus drop tower impact tester 40 

4.1 Typical flow curve of an STF 43 

4.2 ANN architecture designed for the prediction of shear stress of 

STF 

50 

4.3 Flow curves of STF at 10 °C, 20 °C and 30 °C temperatures 51 

4.4 Flow curve predicted by phenomenological model for training 

data of 10 °C 

52 

4.5 Flow curve predicted by phenomenological model for training 

data of 20 °C 

53 



 

 xiv 

4.6 Flow curve predicted by phenomenological model for training 

data of 30 °C 

53 

4.7 Flow curve predicted by phenomenological model for testing 

data of 15 °C 

54 

4.8 Flow curve predicted by phenomenological model for testing 

data of 25 °C 

54 

4.9 Flow curve predicted by ANN model for training data of 5 °C  55 

4.10 Flow curve predicted by ANN model for training data of 10 °C  56 

4.11 Flow curve predicted by ANN model for training data of 15 °C  56 

4.12 Flow curve predicted by ANN model for training data of 20 °C  57 

4.13 Flow curve predicted by ANN model for training data of 30 °C  57 

4.14 Flow curve predicted by ANN model for testing data of 25 °C  58 

5.1 Flow curves of STF at 5 °C, 15 °C and 25 °C temperatures 66 

5.2 Scanning electron micrograph of STF impregnated fabric woven 

with 1350 denier yarn with sett of 25×25 inch-1   

67 

5.3 Scanning electron micrograph of STF impregnated fabric woven 

with  400 denier yarn with sett of 50×50 inch-1 

67 

5.4 Force-displacement curves of neat (N) and STF impregnated (S) 

fabrics woven with 1350 denier yarn  

68 

5.5 Yarn pull-out force of fabrics woven with 1350 denier yarn 69 

5.6 Force-displacement curves of neat and STF impregnated fabrics 

woven with 400 denier yarn 

70 

5.7 Yarn pull-out force of fabrics woven with 400 denier yarn 71 

5.8 Impact resistance performance of fabrics woven with 1350 

denier yarn  

73 

5.9 Nature of failure of fabrics woven with 1350 denier yarn 74 

5.10 Impact resistance performance of fabrics woven with 400 denier 

yarn 

75 

5.11 Nature of failure of fabrics woven with 400 denier yarn  76 

5.12 Impact resistance performance of fabrics impregnated with STF 

at different padding pressures  

79 

5.13 Design of different weaves 

 

81 



 

 xv 

5.14 Microscopic images of (a) plain, and (b) 2×2 matt woven fabrics 

at 50× magnification 

81 

5.15 Impact resistance performance of fabrics with different weaves  82 

5.16 Nature of failure of fabrics with different weaves 83 

6.1 Reaction mechanism for thiolation of UHMWPE fabric 90 

6.2 Seeding of thiolated UHMWPE fabrics with ZnO nanoparticles  91 

6.3 Scanning electron micrograph of Z-NR grafted fabric  94 

6.4 Scanning electron micrograph of STF impregnated fabric  94 

6.5 EDX spectrum of neat UHMWPE fabric 94 

6.6 EDX spectrum of Z-NR grafted UHMWPE fabric 95 

6.7 XRD spectrum of neat UHMWPE fabric 96 

6.8 XRD spectrum of Z-NR grafted UHMWPE fabric 96 

6.9 Force-displacement curves of neat, Z-NR grafted and STF 

impregnated fabrics woven with 1350 denier yarn 

98 

6.10 Yarn pull-out force of neat and treated fabrics woven with 1350 

denier yarn  

100 

6.11 Force-displacement curves of neat, Z-NR grafted and STF 

impregnated fabrics woven with 400 denier yarn  

101 

6.12 Yarn pull-out force of neat and treated fabrics woven with 400 

denier yarn 

102 

6.13 Actual and normalised impact energy absorption by neat and 

treated fabrics woven with 1350 denier yarn  

103 

6.14 Peak force and maximum deformation of neat and treated fabrics 

woven with 1350 denier yarn  

104 

6.15 Nature of failure of neat and treated fabrics woven with 1350 

denier yarn  

105 

6.16 Actual and normalised values of impact energy absorption by 

neat and treated fabrics woven with 400 denier yarn  

106 

6.17 Peak force and maximum deformation of neat and treated fabrics 

woven with 400 denier yarn 

107 

6.18 Nature of failure of neat and treated fabrics woven with 400 

denier yarn  

 

109 



 

 xvi 

6.19 Schematic representation of mechanical interlocking of Z-NR 

grafted yarns 

110 

7.1 Microscopic images of (a) Spectra, (b) Kevlar 802 F, and (c) 

Kevlar 363 2S fabrics at 50× magnification. 

115 

7.2 (a) Diamond stitching pattern, and (b) target positions for 

ballistic impact on the panel 

117 

7.3 Test set-up for residual velocity measurement 118 

7.4 Soft armour panel mounted on metallic frame (a) before impact, 

and (b) after impact 

118 

7.5 Live bullets: (a) 0.38” calibre, and (b) 9 ×19 mm 118 

7.6 Energy absorption by neat and STF impregnated 3-layered 

Spectra fabric panels (sets I and II) 

120 

7.7 Energy absorption by neat and STF impregnated 4-layered 

Spectra fabric panels (sets III and IV) 

121 

7.8 Energy absorption by neat and STF impregnated 4-layered 

Kevlar 363 2S fabric panels (sets V and VI) 

122 

7.9 Stress wave propagation in neat and STF impregnated fabrics 123 

7.10 Schematic view of different angular orientations of 4-layered 

panels  

125 

7.11 Energy absorption by 5-layered Kevlar 802 F fabric panels (set 

VII) 

126 

 
  



 

 xvii 

LIST OF TABLES 

 
 

Table No. Table Caption Page No. 

   
2.1 Popular high-performance fibres and their properties  6 

2.2 Structure of some high-performance fibres 8 

3.1 Details of UHMWPE yarns used for weaving fabrics 33 

4.1 Flow curve parameters of STF for training data set 46 

4.2 Estimated values of the parameters of the viscosity function 47 

4.3 Correlation coefficient between actual and predicted 

viscosities by phenomenological model 

52 

4.4 Correlation coefficient between actual and predicted 

viscosities by ANN model 

58 

5.1 Details of UHMWPE plain woven fabrics 63 

5.2 Details of UHMWPE fabrics with different weaves  63 

5.3 STF add-on and impact energy absorption by all fabrics 72 

5.4 STF add-on in fabrics woven with 400 denier yarn at 

different padding pressures  

78 

6.1 Elemental composition of neat and Z-NR grafted UHMWPE 

fabrics 

95 

6.2 Add-on in fabrics woven with 1350 denier yarn 97 

6.3 Add-on in fabrics woven with 400 denier yarn 97 

6.4 Yarn pull-out force of fabrics woven with 1350 denier yarn  99 

6.5 Yarn pull-out force of fabrics woven with 400 denier yarn  102 

7.1 Details of fabrics 114 

7.2 Details of panels prepared for ballistic evaluation 116 

 
 

 

 

 

 


	Ph.D. Thesis of Sanchi Arora.pdf



