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ABSTRACT 

 

The quest for lighter and stronger materials led to introduction of fibre reinforced polymer 

composite materials in the field of material science. Polymer composites produced from 

synthetic materials do not degrade on disposal and pose a threat to environment in the 

longer run. Moreover, most synthetic polymers based composites are produced from 

petroleum which is depleting and will finish in future. Biocomposites have been explored 

by researchers to partially or fully replace synthetic fibre based polymer composites in 

various applications. Natural fibres are used instead of glass or other synthetic fibres in as 

reinforcement in composites due to several advantages like low density, low cost, 

availability, biodegradability, non-toxicity, high specific strength, non-abrasive nature, 

ease of processability, etc. Biocomposites have some inherent drawbacks such as poor 

interface with matrix, moisture sensitivity, etc., which limits their use in various 

applications. In order to overcome the inherent drawbacks of biocomposites, various 

physical and chemical treatments, and modifications in matrix or fibre surface have been 

proposed by researchers, which primarily improve interface between reinforcement and 

matrix. However, it is still a challenge to improve mechanical properties of biocomposites 

despite various efforts to improve interfacial adhesion. Another emerging approach to 

improve mechanical properties of biocomposites is hybridisation. Originally, hybridisation 

was introduced to synthetic fibre based polymer composites to reduce cost and introduce 

ductility, which helped in avoiding abrupt failures. Hybridisation in natural fibre based 

composites started lately. In recent years, studies on hybridisation in biocomposites have 

gained thrust and hybrid effect is utilised to achieve the desired enhancement in mechanical 

properties. 
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In the current study, hybridisation in biocomposites was studied by using coir and banana 

fibres as reinforcement in polypropylene matrix, and its effect on mechanical and acoustic 

properties was investigated. A series of hybrid and non-hybrid composites were produced 

from randomly oriented chopped coir and banana fibres in polypropylene matrix using 

compression moulding technique. Composites were fabricated at 5%, 10%, 15%, 20% and 

25% fibre loading at banana to coir ratio of 1:0, 3:1, 1:1, 1:3 and 0:1. Tensile, impact, and 

flexural testing of samples was carried out according to ASTM D638, ASTM D256 and 

ASTM D790 standard test methods, respectively. 

Further, hybrid effect in tensile strength, tensile modulus, flexural strength, flexural 

modulus, and impact energy of the composite samples was studied in detail. Experimental 

results for tensile properties were compared with predicted values from rule of hybrid 

mixture, series model, Hirsch model, and modified Halpin-Tsai model. The effect of 

hybridisation on pseudoductility was also investigated. Hybrid composites at different fibre 

ratios were compared with non-hybrid composites and the effect of fibre volume fraction, 

ratio of fibres and fibre dispersion was subsequently discussed. This study also found that 

positive or negative deviation in hybrid effect is a function of the total fibre loading as well 

as ratio of two fibres within composite samples.  

As biocomposites have a strong potential in structural applications, the acoustic behavior 

is an important parameter to be investigated. Sound insulation of hybrid composites 

composed of banana:coir::1:1 and total fibre loading of 5%, 10%, 15%, 20% and 25% was 

determined. Impedance tube method (using four microphones) based on DIN EN ISO 717-

1 standard test method was used to determine transmission loss through the samples, and 

results were compared to that of non-hybrid composites. Effect of hybridisation, volume 
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fraction, fibre dispersion, and various other factors on sound insulation of composite 

structures was investigated. For sound absorption applications, hybrid and non-hybrid 

fibrous beds were produced from coir and banana fibres at different areal density of 1500 

gsm, 3000 gsm, and 4500 gsm. Two microphone method in impedance tube setup was used 

for studying sound absorption according to DIN EN ISO 10534 standard test method. The 

effect of various parameters affecting sound absorption of these fibrous beds were 

investigated and discussed in detail. Acoustic testing in both cases, was carried out in the 

frequency range of 150 Hz to 6600 Hz. 

It was found that composite samples displayed better sound insulation but poor sound 

absorption. On the other hand, fibre beds performed well in sound absorption and poorly 

in sound insulation. Therefore we developed a unique fibrous structures having a gradient 

in compactness using banana and coir fibres. This structure was intended to fulfill the 

conflicting requirements of sound insulating materials and sound absorbing materials. A 

process was designed to create a structure with varying rigidity along the cross-section, 

i.e., compactness changes on moving from one face to the opposite face. These samples 

were fabricated at 1500 gsm, 3000 gsm and 4500 gsm and were tested under sound 

absorption and transmission mode in the impedance tube, as mentioned earlier. It was 

found that these structures performed notably well in sound absorption as well as sound 

insulation. The factors affecting acoustic property were also determined and compared to 

that of fibrous beds. The study also suggests ideal structures for various acoustic 

applications. It was interesting to see that samples with gradient compactness displayed 

maximum noise reduction coefficient (NRC) of 0.78 and transmission loss upto 23 dB.  
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Finally all important findings elucidated in the previous chapters have been summarised 

and future scope of the research work is suggested. The results presented as a part of this 

thesis are expected to be used in production of sustainable materials for a wide range of 

applications. Outcome of this work has a potential to contribute towards studies on other 

biodegradable fibres or fillers, and can be used for various types of cellulose based 

agricultural wastes. 
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साराांश 

पदार्थ विज्ञान के क्षेत्र में हल्की ि मजबतू पदार्ों की खोज के सन्दर्थ म ेरेशों द्वारा प्रबवित बहुिक सयकु्त पदार्थ का 

पररचय हुआ| कृवत्रम पदार्ों से वनवमथत कोम्पोवजट का जल्द क्षय नहीं हो पाता| अतः िे दीर्थ काि म ेपयाथिरण के विए 

हावनकारक होते हैं| इसके अिािा अविकाांश मानि वनवमथत बहुिक आिाररत कोम्पोवजट पेट्रोवियीयम से उत्पन्न होते हैं, जो 

र्ट रह ेहैं और र्विष्य में ख़त्म हो जाएँग|े शोिकताथओ ां के विवर्न्न अनपु्रयोगों में आांवशक रूप से या परूी तरह से कृवत्रम रेशों 

पर आिाररत बहुिक कोम्पोवजट को बदिन ेके विए जैिकोम्पोवजट पदार्ों का पता िगाया गया ह|ै कम र्नत्ि, कम िागत, 

उपिब्िता, जैि-उपिब्िता, गैर-विषाक्तता, उच्च विवशष्ट शवक्त, गैर-अपर्षथक प्रकृवत, प्रवियात्मकता में आसानी आवद जैसे 

कई िार्ों के कारण कोम्पोवजट में सदुृढीकरण के रूप में प्राकृवतक रेशोंका उपयोग वकया जाता ह।ै जैिकम्पोवजट् पदार्ों में 

कुछ अांतवनथवहत कवमयाां हैं जैसे आव्यहू, नमी सांिेदनशीिता, आवद के सार् खराब अांतरफिक, जो विवर्न्न अनपु्रयोगों में 

उनके उपयोग को सीवमत करता ह।ै जैि रसायन के अांतवनथवहत कवमयों को दरू करन ेके विए, शोिकताथओ ां द्वारा विवर्न्न र्ौवतक 

और रासायवनक उपचारों और आव्यहू या रेशोंसतह में सांशोिन प्रस्तावित वकए गए हैं, जो मखु्य रूप से सदुृढीकरण और 

आव्यहू के बीच सामांजस्य में सिुार करते हैं। हािाांवक, यह अर्ी र्ी एक चनुौती ह ैवक उक्त तिो के बीच आसांजन को बेहतर 

बनान ेके विवर्न्न प्रयासों के बािजदू जैिकम्पोवजट्स के याांवत्रक गणुों में सिुार हो। जैिकोम्पोवजट के याांवत्रक गणुों में सिुार के 

विए एक और उर्रता हुआ दृवष्टकोण ह ैसांकरण। मिू रूप से, कृवत्रम रेशों पर आिाररत बहुिक कोम्पोवजट में सांकरण को 

िागत कम करने और िचीिापन िान ेके विए पेश वकया गया र्ा, जो पदार्ों के अचानक विफिताओां से बचन ेमें मदद 

करता र्ा। प्राकृवतक रेशों पर आिाररत कोम्पोवजट में सांकरण हाि ही में शरुू हुआ। हाि के िषों में, जैिकोम्पोवजट में सांकरण 

पर अध्ययन से जोर वमिा ह ैऔर याांवत्रक गणुों में िाांवछत िवृि प्राप्त करन ेके विए सांकररत प्रर्ाि का उपयोग वकया जाता ह।ै 

ितथमान अध्ययन में, पॉिीप्रोपाइिीन आव्यहू में सदुृढीकरण के विए नाररयि और केिे के रेशो का उपयोग करके 

जैि रसायन में सांकरण का अध्ययन वकया गया र्ा तर्ा याांवत्रक और ध्िवनक गणुों पर इसके प्रर्ाि की जाांच की गई र्ी। 

सांकररत और गैर- सांकररत कोम्पोवजट की एक श्ृांखिा को सांपीड़न ढिाई तकनीक का उपयोग करके पॉिीप्रोपाइिीन आव्यहू 
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में बेतरतीब ढांग से उन्मखु कटा हुआ नाररयि और केिे के रेशो से उत्पावदत वकया गया र्ा। इसे ५: १0%, १५%, २0% और 

२५% रेशों यकु्त में १:0, ३:१, १:१, १:३ और 0:१ के अनपुात में तैयार वकया गया। नमनूों की तन्यता, प्रर्ाि और िि 

सम्बन्िी परीक्षण िमशः ए.एस.टी.एम. डी ६३८, ए.एस.टी.एम. डी २५६ और ए.एस.टी.एम. डी ७९0 मानक परीक्षण विवियों 

के अनसुार वकए गए। 

इसके अिािा, तन्य शवक्त, तन्य मापाांक, िचीिापन शवक्त, िचीिापन मापाांक, और समग्र नमनूों की प्रर्ाि ऊजाथ 

में सांकर प्रर्ाि का विस्तार से अध्ययन वकया गया। तन्य गणुों के विए प्रायोवगक पररणामों की तिुना सांकररत वमश्ण, श्ृांखिा 

प्रवतरूप, वहशथ प्रवतरूप और सांशोवित हिपीन-त्साई प्रवतरूप के वनयम से अनमुावनत मलू्यों के सार् की गई र्ी। छद्मता पर 

सांकरण के प्रर्ाि की र्ी जाांच की गई। रेशों के विवर्न्न अनपुातों पर सांकररत कोम्पोवजट की तुिना गैर- सांकररत कोम्पोवजट 

के सार् की गई और रेशों के आयतन अांश के प्रर्ाि, रेशों और रेशों के फैिाि के अनपुात पर बाद में चचाथ की गई। इस 

अध्ययन में यह र्ी पाया गया ह ैवक सांकररत प्रर्ाि में सकारात्मक या नकारात्मक विचिन कुि रेशों के सार्-सार् समग्र 

नमनूों के र्ीतर दो रेशों के अनपुात का एक कायथ ह।ै चूांवक जैिकम्पोवजट्स में सांरचनात्मक अनपु्रयोगों में एक मजबतू क्षमता 

ह,ै इसविए ध्िवनक व्यिहार की जाांच करन ेके विए एक महत्िपणूथ मापाांक ह।ै केिे से बना सांकररत कोम्पोवजट का ध्िवन 

रोिन: नाररयि ::१:१ और कुि रेशों यकु्त  ५%, १0%, १५%, २0% और २५% वनिाथररत वकया गया र्ा। डीआईएन एन 

आईएसओ ७१७-१ मानक परीक्षण विवि पर आिाररत प्रवतबािा नविका विवि (चार ध्िवनग्राही का उपयोग) का उपयोग 

नमनूों के माध्यम से सांचरण हावन का वनिाथरण करन ेके विए वकया गया र्ा और पररणाम गैर-सांकररत कोम्पोवजट की तिुना में 

रे्। सांकररत कोम्पोवजट के ध्िवन रोिन पर सांकरण, आयतन अांश, रेशों के फैिाि और विवर्न्न अन्य कारकों के प्रर्ाि की 

जाांच की गई। ध्िवन अिशोषण अनपु्रयोगों के विए, १५00 जीएसएम, ३000 जीएसएम और ४५00 जीएसएम के विवर्न्न 

क्षेत्र र्नत्ि पर नाररयि और केिे के रेशों से सांकररत और गैर- सांकररत रेशेदार बेड का उत्पादन वकया गया। प्रवतबािा नविका 

व्यिस्र्ा में दो ध्िवनग्राही का उपयोग डी आइ एन ई एन आइ एस ओ १0५३४ मानक परीक्षण विवि के अनसुार ध्िवन 

अिशोषण के अध्ययन के विए वकया गया र्ा। इन रेशेदार बेड के ध्िवन अिशोषण को प्रर्ावित करन ेिािे विवर्न्न मापदांडों 
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के प्रर्ाि की जाांच और विस्तार से चचाथ की गई। दोनों मामिों में ध्िवनक परीक्षण, १५0 हट्थज से ६६00 हट्थज तक की आिवृि 

सीमा में वकया गया र्ा। 

यह पाया गया वक समग्र नमनूों न ेबेहतर ध्िवन रोिक वदखाया िेवकन खराब ध्िवन अिशोषण। दसूरी ओर, रेशेदार 

बेड न ेध्िवन अिशोषण में और खराब ध्िवन रोिन में अच्छा प्रदशथन वकया। इसविए हमन ेकेिे और नाररयि के रेशों का 

उपयोग करके सर्नता में एक ढाि के सार् अवद्वतीय रेशेदार सांरचनाओ ां का विकास वकया। इस सांरचना का उद्दशे्य ध्िवन रोिक 

पदार्थ और ध्िवन अिशोवषत पदार्थ की परस्पर विरोिी आिश्यकताओां को परूा करना र्ा। अनपु्रस्र्काट के सार् अिग-

अिग कठोरता के सार् एक सांरचना बनान ेके विए एक प्रविया तैयार की गई र्ी, अर्ाथत, एक सतह से विपरीत सतह पर जान े

पर सर्नता में पररितथन होता ह।ै इन नमनूों को १५00 जीएसएम, ३000 जीएसएम और ४५00 जीएसएम पर गढा गया र्ा 

और पहिे बताए अनसुार प्रवतबािा नविका में ध्िवन अिशोषण और प्रसारण वििा के तहत परीक्षण वकया गया र्ा। यह पाया 

गया वक इन सांरचनाओ ां ने ध्िवन अिशोषण के सार्-सार् ध्िवन रोिन में र्ी उल्िेखनीय प्रदशथन वकया। ध्िवनक बेड की तुिना 

में ध्िवनक सांपवि को प्रर्ावित करने िािे कारक र्ी वनिाथररत वकए गए रे्। अध्ययन विवर्न्न ध्िवनक अनपु्रयोगों के विए 

आदशथ सांरचनाओ ां का र्ी सझुाि दतेा ह।ै यह दखेना वदिचस्प र्ा वक क्षीण होती सर्नता िािे नमनूों न ेअविकतम शोर में 

कमी 0.७८ (एन.आर.सी) और २३ डेसीबि तक ध्िवन के सांचार में वगरािट को प्रदवशथत वकया। 

अांत में वपछिे अध्यायों में िवणथत सर्ी महत्िपणूथ वनष्कषों को सांक्षेप में प्रस्तुत वकया गया ह ैऔर र्विष्य में शोि 

कायथ की गुांजाइश का सझुाि वदया गया ह।ै इस शोि के एक र्ाग के रूप में प्रस्तुत वकए गए पररणामों का उपयोग अनपु्रयोगों 

की एक विस्ततृ श्ृांखिा के विए स्र्ायी पदार्ों के उत्पादन में वकया जाता ह।ै इस कायथ के पररणाम में अन्य जैिवनम्मनी रेशों 

पर अध्ययन की वदशा में योगदान करन ेकी क्षमता ह ैतर्ा इसका उपयोग विवर्न्न प्रकार के कोवशका रश आिाररत कृवष 

अपवशष्टों के विए वकया जा सकता ह।ै 



xiii 
 

Table of Contents 

 

Certificate   i 

Acknowledgements   iii 

Abstract  v 

Table of Contents   xiii 

List of Figures   xix 

List of Tables   xxix 

  

CHAPTER 1 …………………………………………………. 1 

Introduction  

1.1 General   1 

1.2 Motivation   4 

 1.2.1 Selection of materials   5 

   a  Fibres   5 

   b  Matrix   5 

1.3 Objectives   5 

1.4 Organization of the Thesis   6 

1.5 Overview of chapters   8 

   

CHAPTER 2 ………………………………………………….. 9 

Literature review  

2.1 Introduction 11 

2.2 Biocomposites 12 

 2.2.1 Need of biocomposites 13 

 2.2.2 Surface treatments in biocomposites 15 

2.3 Hybrid biocomposites 16 

 2.3.1 Reinforcements and matrices 18 

  2.3.1.1 Reinforcing phases 18 

   a Coir fibres 20 

   b Banana fibres 22 

  2.3.1.2 Matrix phase 24 

 2.3.2 Surface treatments 26 

  2.3.2.1. Alkali treatment 27 

  2.3.2.2 Silane treatment 29 

  2.3.2.3 Other chemical treatments 29 

  2.3.2.4 Matrix modification 33 



xiv 
 

 2.3.3 Mechanical and physical properties 35 

  2.3.3.1 Tensile properties 35 

  2.3.3.2 Flexural properties 36 

  2.3.3.3 Impact properties 39 

  2.3.3.4 Other properties 42 

 2.3.4 Factors influencing properties of hybrid biocomposites 56 

 2.3.5 Hybrid Effect 64 

2.4 Acoustic properties of fibre based structures 67 

 2.4.1 Measurement of acoustic properties of materials 71 

 2.4.2 Fibre based acoustic materials 72 

 References 74 

   

CHAPTER 3 …………………………………………………... 95 

Fibre preparation and composite fabrication  

3.1 Materials   97 

 3.1.1 Fibres   97 

 3.1.2 Matrix   97 

 3.1.3 Chemical treatments  98 

3.2 Fabrication of composites   98 

 3.2.1 Fibre preparation   98 

 3.2.2 Alkali treatment   100 

 3.2.3 Making fibre bed with randomly oriented fibres   100 

 3.2.4 Maleic anhydride grafted polypropylene treatment   102 

 3.2.5 Hot compression moulding process   102 

3.3 Homogeneity of composite samples   104 

 3.3.1 Orientation of fibres   104 

 3.3.2 Weight distribution   106 

 3.3.3 Uniformity and homogeneity of composite samples   107 

3.4 Box-Behnken design of experiment   107 

3.5 Precautions to minimise non-uniformity   111 

3.6 FTIR analysis   112 

3.7 Scanning electron microscopy   113 

3.8 Acoustic testing   113 

 3.8.1 Sound insulation   113 

 3.8.2 Sound absorption   114 



xv 
 

    

CHAPTER 4 ………………………………………………….. 115 

Effect of hybridization on tensile properties  

4.1 Introduction 117 

4.2 Experimental 125 

 4.2.1 Composite Fabrication 125 

 4.2.2 Tensile Testing 126 

 4.2.3 Optimising the factors for coir and banana fibre reinforced 
non-hybrid composites 

127 

  4.2.3.1 Coir fibre reinforced non-hybrid composites 128 

  4.2.3.2 Banana fibre reinforced non-hybrid composites 129 

  4.2.3.3 Effect of fibre parameters on tensile strength 130 

 4.2.4 Fabrication of hybrid composites 132 

 4.2.5 Nomenclature and sample compositions 133 

4.3 Results and discussion 135 

 4.3.1 Tensile modulus 140 

  4.3.1.1 Effect of fibre volume fraction on tensile modulus 140 

  4.3.1.2 Effect of relative fibre volume fraction on tensile 
modulus 

143 

  4.3.1.3 Comparison with existing models 145 

 4.3.2 Tensile strength 150 

  4.3.2.1 Effect of fibre volume fraction on tensile strength 150 

  4.3.2.2 Effect of relative fibre volume fraction on tensile 
strength 

152 

  4.3.2.3 Comparison with existing models 154 

 4.3.3 Pseudoductility 158 

4.4 Conclusions 161 

 References 164 

   

CHAPTER 5 ………………………………………………….. 169 

Effect of hybridisation on impact and flexural properties  

5.1 Introduction 171 

5.2 Experimental 173 

 5.2.1 Optimisation of fibre parameters 173 

  5.2.1.1 Optimisation of fibre parameters for flexural modulus 175 

   a Coir fibre composites  175 

   b Banana fibre composites  176 

   c Effect of process parameters  177 



xvi 
 

  5.2.1.2 Optimisation of fibre parameters for Impact properties 179 

   a Coir fibre composites  179 

   b Banana fibre composites  180 

   c Effect of process parameters  181 

5.3 Fabrication of hybrid composites 183 

5.4 Results and discussion 186 

 5.4.1 Flexural properties 186 

  5.4.1.1 Flexural strength 190 

   a Effect of fibre volume fraction  191 

   b Effect of hybridisation  193 

  5.4.1.2 Flexural modulus 195 

   a Effect of fibre volume fraction  195 

   b Effect of hybridization  197 

  5.4.1.3 Effect of fibre dispersion 198 

   a Effect on flexural strength 198 

   b Effect on flexural modulus  200 

  5.4.1.4 Proposed mechanism 202 

 5.4.2 Impact property 204 

  5.4.2.1 Role of bridging fibres 207 

  5.4.2.2 Impact energy 211 

   a Effect of fibre volume fraction  211 

   b Effect of hybridization 213 

  5.4.2.3 Effect of layering pattern/fibre dispersion on impact 
energy 

215 

5.5 Conclusions 217 

 References 220 

   

CHAPTER 6 ………………………………………………….. 223 

Studies on sound insulation of hybrid biocomposites  

6.1 Introduction   225 

6.2 Materials and Methods   227 

 6.2.1 Materials   227 

 6.2.2 Methods   228 

  6.2.2.1 Preparatory processes   228 

  6.2.2.2 Composite fabrication process   228 

6.3 Testing   230 

6.4 Results and Discussion   231 

 6.4.1 Non-hybrid composites   231 

  6.4.1.1 Effect of fiber loading   231 



xvii 
 

  6.4.1.2 Comparison of sound insulation  234 

 6.4.2 Hybrid composites   237 

  6.4.2.1 Effect of hybridization 237 

  6.4.2.2 Effect of dispersion and placement of fibers  238 

6.5 Conclusions   242 

 References   244 

   

CHAPTER 7 ………………………………………………….. 247 

Studies on sound absorption of fibrous structures  

7.1 Introduction   249 

7.2 Materials and Methods   251 

 7.2.1 Materials   251 

 7.2.2 Methods   252 

  7.2.2.1 Fibres cleaning and cutting   252 

  7.2.2.2 Alkali treatment   252 

  7.2.2.3 Fabrication of specimens   252 

7.3 Testing   253 

7.4 Results and Discussion   255 

 7.4.1 Effect of areal density on sound absorption   255 

 7.4.2 Effect of air cavity on sound absorption   256 

  7.4.2.1 Banana fibre based uniform structures   257 

  7.4.2.1 Coir fibre based uniform structures   258 

 7.4.3 Sound absorption of hybrid structure   259 

7.5 Conclusion   262 

 References   264 

   

CHAPTER 8 …………………………………………………… 267 

Development of gradient structure and its acoustic properties  

8.1 Introduction   269 

8.2 Materials and Methods   271 

 8.2.1 Materials   271 

 8.2.2 Preparatory processes   272 

  8.2.2.1 Fibres cleaning and cutting   272 

  8.2.2.2 Alkali treatment   272 

  8.2.2.3 Fabrication of specimens   272 

8.3 Testing   273 



xviii 
 

 8.3.1 Sound absorption   275 

 8.3.2 Sound Insulation   275 

8.4 Results and Discussion   276 

 8.4.1 Banana fibre based gradient structures   276 

  8.4.1.1 Sound absorption   276 

   a  Effect of areal density  276 

   b  Effect of air cavity  277 

   c  Effect of arrangement of samples  279 

  8.4.1.2 Sound insulation   280 

   a Effect of areal density  280 

   b Effect of arrangement  281 

 8.4.2 Coir fibre based structures   282 

  8.4.2.1 Sound absorption   282 

   a Effect of areal density  282 

   b Effect of air cavity  283 

   c Effect of arrangement  285 

  8.4.2.2 Sound insulation 286 

   a Effect of areal density  286 

   b Effect of arrangement 286 

8.5 Hypothesis of mechanism   287 

8.6 Conclusions   289 

 References 293 

   

CHAPTER 9 …………………………………………………... 297 

Summary, Conclusions and Future scope    

9.1 Background and context   299 

9.2 Summary   300 

9.3 Conclusions of research work   304 

9.4 Future scope   306 

 



xix 
 

List of Figures 
 

Figure Title Page no. 

 

Fig. 2.1 Representation of biocomposites and hybrid biocomposites 17 

Fig. 2.2 Morphology of coconut fruit  21 

Fig. 2.3 Photographs depicting (a) process of extracting fibres from 

pseudo-stem by passing through crushing rollers and (b) 

partially decorticated banana pseudo-stem and fibres. 23 

Fig. 2.4 Proposed model of interaction of polyester and PSMA 

treated fibre 30 

Fig. 2.5 Effect of various chemical treatments on Young's modulus 

of sisal/glass hybrid biocomposites at varying fibre ratios 31 

Fig. 2.6 Percentage share of various reinforcement, matrix phases 

and chemical surface treatments as per the literature cited in 

this review paper 34 

Fig. 2.7 Three different types of configurations in which two fibres 

can be placed in a hybrid composite (a)interlayer, (b) 

intralayer and (c) intimate mix 58 

Fig. 2.8 Different layering patterns and dispersion of fibres reported 

in coir/bagasse hybrid biocomposites 59 

Fig. 2.9 Experimental values of tensile modulus of banana-sisal fibre 

hybrid biocomposite along with theoretical models 66 

Fig. 2.10 Propagation of a sound wave incident on  material 
69 

Fig. 3.1 Thermal transition of polymeric film using differential 

scanning calorimetry.  `98 

Fig. 3.2 Cleaning and combing operation of (a) banana fibres and (b) 

coir fibres 99 

Fig. 3.3 Process of preparing randomly oriented fibre bed indicating 

(a) fibre randomisation assembley, (b) separated assebly 

showing randomisation chamber with speed controller, (c) 

interior of randomisation chamber displaying spindles and 

mounted flaps, (d) fibres in the water tray and (d) final 101 



xx 
 

randomly oriented fibre bed. Process is demonstrated for 

banana fibres. 

Fig. 3.4 Process of MAgPP treatment displaying (a) dissolving the 

MAgPP in toluene and (b) treated fibre bed. 102 

Fig. 3.5 Optimised temperature-pressure cycle for compression 

moulding process 104 

Fig. 3.6 Analysis of scanned image of fibre bed using Image J 

software. 105 

Fig. 3.7 Frequency distribution of fibres in the fibre bed and their 

angle of orientation. 105 

Fig. 3.8 Comparison of weight for different pieces of fibre bed with 

same dimensions. 106 

Fig. 3.9 Tensile modulus of banana fibre reinforced composite in 

different directions. 107 

Fig. 3.10 Representation of three factor Box Behnken design 
108 

Fig. 3.11 FTIR spectrum of matrix, fibres and different treatment of 

fibres 112 

Fig. 3.12 Experimental setup for determining sound insulation 

behaviour of material using impedance tube 113 

Fig. 3.13 Experimental setup for determining sound absorption 

behaviour of material using impedance tube. 114 

Fig. 4.1 Schematic representation of Hirsch model as compared to 

parallel and series model 121 

Fig. 4.2 Stress-strain curves for a typical (a) non-hybrid composite, 

(b) laminate type of hybrid composites and (c) 

pseudoductile hybrid composites. 124 

Fig. 4.3 Dimensions of dog-bone shaped specimen according to 

ASTM D638 standard. All measurements are in millimeter. 126 

Fig. 4.4 Tensile testing of marked specimen using universal testing 

machine with video extensometer attachment. 127 

Fig. 4.5 Interaction between (a) coir fibre length and (b) banana fibre 

length with coupling agent; (c) coir fibre length and (d) 131 



xxi 
 

banana fibre length with alkali concentration; and their 

effect on tensile properties of non-hybrid composites 

Fig. 4.6 Interaction between coupling agent and alkali concentration 

for (a) coir fibre and (b) banana fibre reinforced non hybrid 

composites; and their effect on tensile properties. 132 

Fig. 4.7 Schematic of preparation of hybrid compositesusing 

optimised fibre parameters for tensile testing. 133 

Fig. 4.8 Stress-strain curves of (a) coir and (b) banana fibre 

reinforced non-hybrid composites; and coir to banana fibre 

ratio of (c) 3:1, (d) 1:1 and (e) 1:3 based hybrid composites 138 

Fig. 4.9 Effect of total fibre loading on tensile modulus of (a) coir 

and (b) banana fibre reinforced non-hybrid composites; and 

coir to banana fibre ratio of (c) 3:1, (d) 1:3 and (e) 1:1 based 

hybrid composites 141 

Fig. 4.10 Fracture of hybrid composite samples having majority of 

coir fibres and non-catastrophic failure due to elongated coir 

fibres arresting crack propagation. 142 

Fig. 4.11 Hybrid effect in tensile modulus of hybrid composites at 

total fibre loading of (a) 5%, (b) 10%, (c) 15%, (d) 20% and 

(e) 25 % 144 

Fig. 4.12 Comparison of experimental values of tensile modulus with 

different models at total fibre loading of (a) 5%, (b) 10%, 

(c) 15%, (d) 20% and (e) 25 %. 149 

Fig. 4.13 Lower bound of tensile modulus as predicted by Series 

model for hybrid and non-hybrid composites at different 

total fibre loadings 150 

Fig. 4.14 Effect of total fibre loading on tensile strength of (a) coir 

and (b) banana fibre reinforced non-hybrid composites; and 

coir to banana fibre ratio of (c) 3:1, (d) 1:3 and (e) 1:1 based 

hybrid composites 151 

Fig. 4.15 Hybrid effect in tensile strength of hybrid composites at total 

fibre loading of (a) 5%, (b) 10%, (c) 15%, (d) 20% and (e) 

25 % 153 



xxii 
 

Fig. 4.16 Comparison of experimental values of tensile strength with 

different models at total fibre loading of (a) 5%, (b) 10%, 

(c) 15%, (d) 20% and (e) 25 %. 157 

Fig. 4.17 Lower bound of tensile strength as predicted by Series 

model for hybrid and non-hybrid composites at different 

total fibre loadings. 158 

Fig. 4.18 Comparison of elongation to break of (a) matrix; (b) coir and 

(c) banana based non hybrid composites; and hybrid 

composites at coir to banana ratio of (d) 3:1, (e) 1:3 and (f) 

1:1. 159 

Fig. 4.19 Comparison of fracture of (a) coir and (b) banana reinforced 

non-hybrid composites. 160 

Fig. 4.20 Effect of hybridisation on ductile behaviour of hybrid 

composites as compared to matrix and non-hybrid 

composites.  161 

Fig. 4.21 Summary of tensile modulus and tensile strength of 

composites with varying banana fibre loading in composite 

samples. 162 

Fig. 5.1 Interaction between (a) coir fibre length and (b) banana fibre 

length with coupling agent; (c) coir fibre length and (d) 

banana fibre length with alkali concentration; and their 

effect on flexural moduus of non-hybrid composites 177 

Fig. 5.2 Interaction between coupling agent and alkali concentration 

for (a) coir fibre and (b) banana fibre reinforced non hybrid 

composites; and their effect on flexural modulus properties. 178 

Fig. 5.3 Magnified images of coupling agent treated (a) banana and 

(b) coir fibre. 179 

Fig. 5.4 Interaction between (a) coir fibre length and (b) banana fibre 

length with coupling agent; (c) coir fibre length and (d) 

banana fibre length with alkali concentration; and their 

effect on impact energy of non-hybrid composites 181 

Fig. 5.5 Fractured surface of izod impact tested (a) coir and (b) 

banana fibre composite 182 



xxiii 
 

Fig. 5.6 Interaction between coupling agent and alkali concentration 

for (a) coir fibre and (b) banana fibre reinforced non hybrid 

composites; and their effect on tensile properties. 183 

Fig. 5.7 Schematic of preparation of hybrid compositesusing 

optimised fibre parameters for flexural and impact testing. 184 

Fig. 5.8 Schematic of fibre dispersion showing (a) intimately mixed 

fibres and (b) layered arrangement of fibres in hybrid 

composites 185 

Fig. 5.9 Schematic of different type of arrangements during flexural 

testing of hybrid composites composed of intimately mixed 

and layered fibre dispersion. 187 

Fig. 5.10 Two opposite surfaces of a composite sample tested on 

three-point bending. Tension in matrix can be seen by the 

change of colour from translucent to whitish.   190 

Fig. 5.11 Effect of total fibre loading on flexural strength of (a) coir 

and (b) banana fibre reinforced non-hybrid composites; and 

coir to banana fibre ratio of (c) 3:1, (d) 1:3 and (e) 1:1 based 

hybrid composites 192 

Fig. 5.12 Effect of relative fibre volume fraction on flexural strength 

of hybrid and non-hybrid composites at total fibre loading 

of (a) 5%, (b) 10%, (c) 15%, (d) 20% and € 25%. 194 

Fig. 5.13 Effect of total fibre loading on flexural modulus of (a) coir 

and (b) banana fibre reinforced non-hybrid composites; and 

coir to banana fibre ratio of (c) 3:1, (d) 1:3 and (e) 1:1 based 

hybrid composites 196 

Fig. 5.14 Hybrid effect and effect of relative fibre volume fraction on 

flexural modulus of hybrid and non hybrid composites at 

total fibre loading of (a) 5%, (b) 10%, (c) 15%, (d) 20% and 

(e) 25%. 197 

Fig. 5.15 Effect of different type of arrangements on flexural strength 

of hybrid composites with coir to banana fibre ratio of (a) 

3:1, (b) 1:1 and (c) 1:3 199 



xxiv 
 

Fig. 5.16 Effect of different type of arrangements on flexural modulus 

of hybrid composites with coir to banana fibre ratio of (a) 

3:1, (b) 1:1 and (c) 1:3. 201 

Fig. 5.17 Schematic representation of tensile and compressive forces 

acting on opposite surfaces of a material undergoing three 

point flexural tests. 202 

Fig. 5.18 Dimensions of specimen used for notched izod impact 

testing. All measurements are in millimeters. 204 

Fig. 5.19 Schematic representation of hybrid composites (a) having 

intimately mixed fibres and (b) has layered dispersion  205 

Fig. 5.20 Comparison of matrix and fibre reinforced matrix samples 

and catastrophic failure upon impact testing. 208 

Fig. 5.21 Effect of total fibre loading on impact energy of (a) coir and 

(b) banana fibre reinforced non-hybrid composites; and coir 

to banana fibre ratio of (c) 3:1, (d) 1:3 and (e) 1:1 based 

hybrid composites 212 

Fig. 5.22 Izod impact fracture surface of (a)coir fibre composites, (b) 

coir:banana: :3:1 hybrid composites and (c)banana fibre 

composites. 213 

Fig. 5.23 Hybrid effect and effect of relative fibre volume fraction on 

flexural modulus of hybrid and non-hybrid composites at 

total fibre loading of (a) 5%, (b) 10%, (c) 15%, (d) 20% and 

(e) 25%. 214 

Fig. 5.24 Effect of different type of arrangements on impact energy of 

hybrid composites with coir to banana fibre ratio of (a) 3:1, 

(b) 1:1 and (c) 1:3 216 

Fig. 5.25 Summary of flexural modulus and flexural strength of 

composites with varying banana fibre loading in composite 

samples 218 

Fig. 5.26 Summary of impact energy of composites with varying 

banana fibre loading in composite samples 219 

Fig. 6.1 The process includes (a) fiber treatment followed by 

layering of fibers to form (b) fibrous bed, composite sample 229 



xxv 
 

preparation through (c) compression molding and (d) final 

composite samples. 

Fig. 6.2 Schematic representation of placement of different 

composites with respect to sound source, i.e.  (a) banana 

fiber composites (b) layered hybrid composites with banana 

fiber facing sound source (c) intimately mixed hybrid 

composites, (d)layered hybrid composites having coir fiber 

facing sound source and (e) coir fiber composites. 230 

Fig. 6.3 Impedance tube setup for determining the transmission loss 

of composite samples.  231 

Fig. 6.4 Influence of fiber loading on transmission loss (dB) of (a) 

banana fiber composites and (b) coir fiber composites at 

different sound frequencies. 232 

Fig. 6.5 Comparison of thickness of banana and coir fibers under 

scanning electron microscope. 234 

Fig. 6.6 Comparison of transmission loss (dB) of non hybrid 

composites and intimately mixed hybrid composites at total 

fiber loadings of (a) 5%, (b) 10%, (c) 15%, (d) 20% and (e) 

25%. 236 

Fig. 6.7 Comparison of transmission loss (dB) of hybrid composites, 

with different fiber dispersion, at total fiber loadings of (a) 

5%, (b) 10%, (c) 15%, (d) 20% and (e) 25%. 240 

Fig. 7.1 Fibrous beds produced from coir and banana fibres 
253 

Fig. 7.2 Experimental setup for determining sound absorption 

behaviour of material using impedance tube 254 

Fig. 7.3 Overview of methodology followed in this study 254 

Fig. 7.4 Variations in sound absorption coefficient of (a) banana and 

(b) coir fibres samples having different areal densities 256 

Fig. 7.5 Effect of air cavity on banana fibre beds at (a) 1500 gsm (b) 

3000 gsm and (c) 4500 gsm 257 

Fig. 7.6 Effect of air cavity on coir fibre beds at (a) 1500 gsm (b) 

3000 gsm and (c) 4500 gsm 258 



xxvi 
 

Fig. 7.7 Arrangement of fibrous beds fabricated using both the fibres 

with respect to sound source 260 

Fig. 7.8 Comparison of sound absorption of different fibre beds at 

4500 gsm 261 

Fig. 8.1 Process of producing samples with gradient in compactness 
273 

Fig. 8.2 Gradient banana fibre beds at different areal densities 
273 

Fig. 8.3 Overview of methodology followed in this study 
274 

Fig. 8.4 Type of arrangements for testing gradient samples 
274 

Fig. 8.5 Experimental setup for determining sound absorption 

behaviour of material using impedance tube 
275 

Fig. 8.6 Experimental setup for determining sound insulation 

behaviour of material using impedance tube 
276 

Fig. 8.7 Variations in sound absorption of banana fibre based 

gradient samples having different areal densities for (a) 

Arrangement ‘A’ and (b) Arrangement ‘B’ 
277 

Fig. 8.8 Effect of air cavity on sound absorption behaviour of banana 

fibre based gradient structures in Arrangement ‘A’ at (a) 

1500 gsm, (b) 3000 gsm and (c) 4500 gsm 
278 

Fig. 8.9 Effect of air cavity on sound absorption behaviour of banana 

fibre based gradient structures in Arrangement ‘B’ at (a) 

1500 gsm, (b) 3000 gsm and (c) 4500 gsm 
278 

Fig. 8.10 Variations in sound absorption coefficient of banana fibre 

based structures in different arrangements in (a) 1500 gsm, 

(b) 3000 gsm and (c) 4500 gsm samples 
279 

Fig. 8.11 Variations in transmission loss of banana fibres based 

gradient samples having different areal densities for (a) 

Arrangement ‘A’, and (b) Arrangement ‘B’ 
280 



xxvii 
 

Fig. 8.12 Variations in transmission loss of banana fibre based 

gradient samples having different sample arrangement (a) 

1500 gsm, (b) 3000 gsm and (c) 4500 gsm 
282 

Fig. 8.13 Variations in sound absorption coefficient of coir fibre 

based gradient samples having different areal densities for 

(a) Arrangement ‘A’ and (b) Arrangement ‘B’ 
283 

Fig. 8.14 Effect of air cavity on coir fibre gradient structures in 

Arrangement ‘A’ at (a) 1500 gsm, (b) 3000 gsm and (c) 

4500 gsm 
284 

Fig. 8.15 Effect of air cavity on sound absorption behaviour of coir 

fibre based gradient structures in Arrangement ‘B’ at (a) 

1500 gsm, (b) 3000 gsm and (c) 4500 gsm 
284 

Fig. 8.16 Variations in sound absorption coefficient of different 

arrangements in (a) 1500 gsm, (b) 3000 gsm and (c) 4500 

gsm samples 
285 

Fig. 8.17 Variations in transmission loss of coir fibre based gradient 

samples having different areal densities for (a) Arrangement 

‘A’, and (b) Arrangement ‘B’ 
286 

Fig. 8.18 Variations in transmission loss of coir fibre based gradient 

samples having different sample arrangement (a) 1500 gsm, 

(b) 3000 gsm and (c) 4500 gsm 
287 

Fig. 8.19 Schematic representation of mechanism of sound wave 

propagation, absorption and reflection in samples with (a) 

uniform compactness, (b) gradient samples in Arrangement 

‘A’ and (c) gradient samples in Arrangement ‘B’ 
288 

 



xxix 
 

List of Tables 

Table  Title Page no. 

 

Table 2.1 Different reinforcements used in hybrid biocomposites 19 

Table 2.2 Comparision of physical and mechanical properties of coir 

and banana fibres  24 

Table 2.3 Different matrices used in hybrid biocomposites  25 

Table 2.4 Details of alkali treatment carried out by researchers 28 

Table 2.5 Different types of testing techniques to determine impact 

properties of hybrid biocomposites 41 

Table 2.6 Summary of mechanical properties of hybrid 

biocomposites reported in literature 47 

Table 2.7 The stacking sequence and dispersion of fibres within the 

hybrid biocomposites along with other parameters as 

reported in literature 61 

Table 3.1 Observations in composite samples at different process 

parameters 103 

Table 3.2 Process factors and levels in coded form 109 

Table 3.3 Experimental runs according to 33 Box-Behnkens design 110 

Table 4.1 Results of tensile strength for different runs of coir and 

banana fibre reinforced non-hybrid composites 128 

Table 4.2 Analysis of variance of response surface model for coir 

fibre composites 129 

Table 4.3 Analysis of variance of response surface model for banana 

fibre composites 130 

Table 4.4   Optimised fibre parameters to be used in fabrication of 

hybrid composites for tensile testing 

 
133 



xxx 
 

Table 4.5 Nomenclature of hybrid and non-hybrid composite 

samples at different compositions 135 

Table 4.6 Tensile properties of different compositions of hybrid and 

non-hybrid composites 136 

Table 4.7 Fracture analysis of tensile tested hybrid and non-hybrid 

composite samples 139 

Table 4.8 Physical properties of polypropylene matrix 145 

Table 4.9 Physical properties of fibres 146 

Table 4.10 Calculated values of various parameters to be used in 

different models for comparison with experimental results 146 

Table 5.1 Results of flexural and impact tests for different runs of 

coir fibre composites 174 

Table 5.2 Analysis of variance of response surface model for coir 

composites 175 

Table 5.3 Analysis of variance of response surface model for banana 

composites 176 

Table 5.4 Analysis of variance of response surface model for coir 

composites 179 

Table 5.5 Analysis of variance of response surface model for banana 

composites 180 

Table 5.6 Optimised fibre parameters to be used in fabrication of 

hybrid composites for flexural and impact testing 183 

Table 5.7 Nomenclature of hybrid and non-hybrid composite 

samples at different compositions 186 

Table 5.8 Flexural modulus and flexural strength of hybrid and non-

hybrid composite at different compositions 188 



xxxi 
 

Table 5.9 Impact energy of hybrid and non-hybrid composites 

different compositions 206 

Table 5.10 Fracture analysis of tensile tested hybrid and non-hybrid 

composite samples 210 

Table 6.1 Nomenclature of hybrid and non-hybrid composites at 

different fiber loadings 230 

Table 7.1 Noise reduction coefficient of different hybrid and non-

hybrid structures 262 

Table 8.1 Comparison of acoustic performance of literature and 

banana fibre gradient 291 

 


	Thesis_2013ttz8288_March_2020.pdf

