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ABSTRACT 

 

In this study, a series of nettle/PLA unidirectional biocomposites was prepared by varying the 

weight content of nettle yarn preform and the biocomposites were tested for physical, mechanical, 

thermal, and biodegradation properties with a focus on automotive dashboard and door panel 

applications. As the preform content increased, the static and dynamic mechanical properties of 

the biocomposites increased initially and decreased afterwards. The biocomposite prepared with 

equal weight fraction of nettle preform and PLA demonstrated the highest tensile strength (52.56 

MPa), flexural strength (42.73 MPa), impact strength (30.96 kJ/m2

modulus (4.73 GPa). The same biocomposite showed the highest storage and loss moduli and the 

lowest damping factor at temperatures ranging from 30 °C to 115 °C. The micromechanical 

analysis revealed that the tensile strength and Young's modulus of the biocomposites could be 

anticipated by considering the tensile properties of the constituent materials. The morphological 

and thermal analyses of the biocomposite prepared with 50 % preform content demonstrated good 

reinforcement wettability, thermal stability (up to 254.62 °C), and high crystallinity (53.13 %). 

The same biocomposite showed remarkable biodegradability and enrichment of soil nutrients 

during soil burial tests. Overall, this biocomposite was found to be very promising for dashboards 

and door panels applications. 

Another set of biocomposites was developed by using nettle (Girardinia diversifolia) woven fabric 

and PLA fibres in varied mass fractions. The prepared biocomposites were evaluated for physical, 

mechanical, thermal, and biodegradation properties. The biocomposite prepared with equal mass 

fractions of nettle and PLA showed the highest tensile strength (39.87 MPa), Young's modulus 

(4.37 GPa), flexural strength (50.96 MPa), and impact strength (35.95 kJ/m2). This biocomposite 

was found to be quite light-weight (1155 kg/m3). It exhibited excellent thermal stability till 309 

C. It showed remarkable dynamic mechanical behavior with highest storage modulus (3.9 MPa), 

loss modulus (0.2 GPa), and lowest damping factor (0.04). After 20 days of burial in soil, this 

biocomposite lost 10.57 % of its weight and 37.42 % of its strength. The biocomposite made from 

equal weights of nettle woven reinforcement and PLA matrix showed a great potential for 

automotive dashboard panel application. 
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Also, this research work witnessed improved reinforcement-matrix interface by silanisation of the 

reinforcement surfaces, and the resulting nettle/PLA biocomposites showed enhancement in 

mechanical, thermo-mechanical, and biodegradation properties. Tri-ethoxy silyl propyl 

methacrylate (TES-PM) and amino propyl tri-ethoxy silane (APTES) were grafted onto cellulosic 

nettle reinforcement at various concentrations. The morphological, structural, chemical, and 

mechanical properties of the nettle woven reinforcement and the degree of silanisation were 

determined to ensure a high-quality grafting. Functional moiety and concentration of silane 

coupling agent were found to affect interfacial strength of the biocomposites. It was shown that an 

appropriate coupling agent with an optimal concentration improved the static mechanical (tensile, 

flexural, and impact), dynamic mechanical (storage & loss moduli and damping factor), and 

biodegradation properties of the biocomposites without changing the thermal properties much. 

Further, this work employed n-octyl coupling agent to obtain a stronger interface between the 

nettle reinforcement and the PLA matrix. This resulted in higher static and dynamic mechanical 

strengths of the biocomposites. Even with a low concentration of n-octyl silane, the mechanical 

properties of the biocomposites improved. The low density of grafted n-octyl silane guaranteed a 

complex design of the biocomposite. The developed process and the obtained end-product could 

be economical since less n-octyl coupling agent was needed. Moreover, n-octyl silane altered fibre 

cell walls, resulting in an increased dimensional stability, fungal resistance and thermally stability 

of the biocomposites. All products were recyclable and biodegradable. 

Lastly, PLA fiberwebs and multi-ply nettle woven reinforcement were employed in this work to 

develop nettle/PLA biocomposites with varied reinforcement orientations. Piling of nettle fabrics 

resulted in improved tensile, flexural, impact, and thermal properties of the biocomposites. The 

best among all the biocomposites developed in this study was found to be the three-layered woven 

fabric reinforced PLA biocomposite with a reinforcing orientation of 0°/45°/90°. The tensile 

modulus of the biocomposite were determined as 55.25 MPa, 6.30 GPa, 85.83 MPa, 63.74 J/m2, 

10.08 GPa, and 0.75 GPa, respectively. Though thermal stability of biocomposite was found to be 

unaffected, the crystallinity rose by 25.84 %. The degradation kinetics and the activation energy 

of the biocomposite were determined by employing differential fitting of Arrhenius model. This 

biocomposite lost 15.06 % weight and 50.56 % strength after 20 days of burial in soil. 



vi 
 
 

 

  , /             

            , , ,  

       ,        

         ,       

                    

     (52.56 ),   (42.73 ),   

(30.96 /  ),   ( )  (4.73 )    

  30 °C  115 °C           

              

                 

  50 %             

  ,   (254.62 °C ),    (53.13 %)   

                 

    ,          

     

       (  )       

                , 

, ,                

          (39.87 ),   (4.37 

),   (50.96 ),    (35.95 /  )   

    (1155 /  )    309 °C    

       (3.9 ),   (0.2 ),  

    (0.04)           20 

  ,       10.57 %     37.42 %   



vii 
 
 

                

            

 ,     -        

    ,   /    , -

,       -     ( - ) 

   -   ( )        

                , 

,                

                

   ,            

 ( , ,  ),   ( ,  ,   

),        

 ,   n-            

               

     n-            

         n-        

    n-            

        , n-        

   ,     ,       

         

 ,                 

      /        

       , , ,       

         -        

  ,  0°/45°/90°        



viii 
 
 

,  ( ) ,  ,  ,  ,     

  ,   55.25 , 6.30 , 85.83 , 63.74  /  , 

10.08 ,  0.75           

,   25.84 %          

              

      20    15.06 %   50.56 %    

  



ix 
 
 

TABLE OF CONTENTS 

 

 
Certificate            i 

Acknowledgements  ...         ii 

Abstract          iv 

Table of Contents          vi 

List of Tables        xiv 

List of Figures        xvi 

List of Symbols       xxii 

List of Abbreviations       xxv 

 
CHAPTER 1: Introduction and objectives 

1          3 

1.2. Objectives  . ...       10 

 

CHAPTER-2: Literature review 

2.1 Introduction  . .       15 

2.2 Biodegradable components  

2.2.1 What are they?         15 

2.2.2 Nettle fibre, yarn, and        16 

2.2.2.1 Plant         17 

2.2.2.2 Production of fibre         20 

2.2.2.3 Structure of fibre  

2.2.2.3.1 Physical structure         23 

2.2.2.3.2 Chemical structure         25 

2.2.2.4 Properties of fibre  

2.2.2.4.1 Physical properties         27 

2.2.2.4.2 Chemical properties         29 

2.2.2.5 Products and applications         29 

2.2.3 Poly(lactic acid) fibre         30 



x 
 
 

2.2.3.1 Manufacturing of fibre         31 

2.2.3.2 Structure of fibre  

2.2.3.2.1 Physical structure         35 

2.2.3.2.2 Chemical structure         36 

2.2.3.3 Properties of fibre  

2.2.2.4.1 Physical properties  ..       37 

2.2.2.4.2 Chemical properties         37 

2.2.3.4 Products and applications  ...       38 

2.3 Biodegradable composite  

2.3.1 What are they?         40 

2.3.2 Manufacturing technology  ...       41 

2.3.3 Material-process-structure-property relationship         43 

2.3.4 Products and Applications         45 

2.4 Research need  . .       46 

 

CHAPTER-3: Development, testing and evaluation of unidirectional biocomposites 

                         prepared from nettle yarns and poly(lactic acid) 

3.1 Introduction  .        51 

3.2 Materials and methods  

3.2.1 Material  . ..       52 

3.2.2 Preparation of PLA fibrewebs  .        53 

3.2.3        54 

3.2.4 Preparation of biocomposites  . ... ..        54 

       56 

3.2.6 Characterization of nettle yarn  

3.2.6.1 Determination of structural characteristics         56 

3.2.6.2 Determination of chemical characteristics  . ...        57 

3.2.6.3 Determination of mechanical properties  ...        57 

3.2.7 Characterization of pure PLA film and biocomposites   

3.2.7.1 Determination of physical properties         58 



xi 
 
 

3.2.7.2 Determination of mechanical properties         59 

3.2.7.3 Morphology         59 

3.2.7.4 Thermo gravimetric analysis (TGA)         60 

3.2.7.5 Differential scanning calorimetry (DSC)         60 

3.2.7.6 Dynamic mechanical analysis (DMA)         61 

3.2.7.7 Biodegradation analysis         61 

3.2.8 Elemental analysis of soil         62 

3.3 Results and discussion  

3.3.1 Characterization of nettle yarn  

3.3.1.1 Structural characteristics of nettle reinforcement  .        62 

3.3.1.2 Chemical characteristics of nettle reinforcement         64 

3.3.1.3 Mechanical properties of nettle yarn         66 

3.3.2 Characterization of biocomposites  

3.3.2.1 Physical and mechanical properties         67 

3.3.2.2 Micro-          70 

3.3.2.3 Morphology         73 

3.3.2.4 Thermogravimetric analysis         74 

3.3.2.5 Differential scanning calorimetry         76 

3.3.2.6 Dynamic mechanical analysis         79 

3.3.2.7 Biodegradability         81 

3.3.3 Soil nutrients before and after burial of biocomposites         83 

3.4. Conclusions  ..       85 

 

CHAPTER-4: Development, testing and evaluation of bidirectional biocomposites 

                         prepared from nettle fabric and poly(lactic acid) 

4.1 Introduction  .        91 

4.2 Materials and methods  

4.2.1 Materials  .        92 

4.2.2 Preparation of PLA fibrewebs  .        92 

4.2.3 Preparation of biocomposites  . ... ..        93 



xii 
 
 

4.2.4        93 

4.2.5 Characterization of nettle fabrics  

4.2.5.1 Determination of chemical characteristics  . ...        93 

4.2.5.2 Determination of mechanical properties  ...        94 

4.2.6 Characterization of pure PLA film and biocomposites   

4.2.6.1 Morphology         94 

4.2.6.2 Determination of physical properties         95 

4.2.6.3 Determination of mechanical properties         95 

4.2.6.4 Thermo gravimetric analysis (TGA)         95 

4.2.6.5 Differential scanning calorimetry (DSC)         96 

4.2.6.6 Dynamic mechanical analysis (DMA)         96 

4.2.6.7 Biodegradation analysis         96 

4.3 Results and discussion  

4.3.1 Characterization of nettle fabric  

4.3.1.1 Chemical characteristics of nettle woven fabric         97 

4.3.1.2 Mechanical properties of nettle woven fabric         99 

4.3.2 Characterization of pure PLA film and biocomposites  

4.3.2.1 Physical and mechanical properties of PLA film and biocomposites       101 

4.3.2.2 Micro-mechanical analysis of tensile properties of biocomposites       104 

4.3.2.3 Morphology of biocomposites  ...     107 

4.3.2.4 Thermo gravimetric analysis of PLA film and biocomposites  ...     108 

4.3.2.5 Differential scanning calorimetry of PLA film and biocomposites       111 

4.3.2.6 Dynamic mechanical analysis of PLA film and biocomposites  ..     113 

4.3.2.7 Biodegradability of biocomposites  .     118 

4 ..     121 

 

CHAPTER-5: Enhancement of mechanical properties of nettle/PLA biocomposites by 

                         coupling treatment  

5.1 Introduction  .      127 

5.2 Materials and methods  



xiii 
 
 

5.2.1 Materials  .      128 

5.2.2 Treatment of coupling agents on reinforcement  . ...     129 

5.2.3 Preparation of biocomposites  . ... ..      131 

5.2.4 Characterization of nettle fabrics  

5.2.4.1 Determination of structural characteristics  . ...      131 

5.2.4.2 Determination of chemical characteristics  . ...      132 

5.2.4.3 Determination of mechanical properties  ...      133 

5.2.4.4 Evaluation of morphology  ...      133 

5.2.4.5 Quantification of grafted silane  ...      133 

5.2.5 Characterization of biocomposites   

5.2.5.1 Determination of physical properties       134 

5.2.5.2 Determination of mechanical properties       135 

5.2.5.3 Cross-sectional morphology       136 

5.2.5.4 Thermo gravimetric analysis (TGA)       136 

5.2.5.5 Differential scanning calorimetry (DSC)       136 

5.2.5.6 Dynamic mechanical analysis (DMA)       137 

5.2.5.7 Biodegradability       137 

5.3 Results and discussion  

5.3.1 Characterization of nettle fabrics  

5.3.1.1 Structural characteristics of nettle reinforcements       138 

5.3.1.2 Chemical characteristics of nettle reinforcements  .     140 

5.3.1.3 Mechanical properties of nettle reinforcements  .     143 

5.3.1.4 Morphology of nettle reinforcements       146 

5.3.1.5 Quantification of grafted silane       147 

5.3.2 Characterization of biocomposites  

5.3.2.1 Physical and mechanical properties of biocomposites       149 

5.3.2.2 Phenomenological analysis of interfacial strength from theoretical model       154 

5.3.2.3 Morphology of biocomposites  ...     155 

5.3.2.4 Thermo gravimetric analysis of biocomposites       157 

5.3.2.5 Differential scanning calorimetry of biocomposites       159 



xiv 
 
 

5.3.2.6 Dynamic mechanical analysis of biocomposites       162 

5.3.2.7 Biodegradability of biocomposites       166 

5 ..     168 

 

CHAPTER-6: A long alkyl chain silane-modified reinforcement surface for improved 

                         physico-mechanical and thermo-mechanical properties of nettle/PLA 

                         biocomposite 

6.1 Introduction  .      173 

6.2 Materials and methods  

6.2.1 Materials  .      174 

6.2.2 Surface modification of reinforcement  .      174 

6.2.3 Biocomposite processing and pre-conditioning       176 

6.2.4 Characterization of nettle fabrics       176 

6.2.5 Characterization of biocomposites       177 

6.3 Results and discussion  

6.3.1 Characterization of nettle fabrics  

6.3.1.1 Structural characteristics of nettle reinforcements       177 

6.3.1.2 Chemical characteristics of nettle reinforcements       179 

6.3.1.3 Mechanical properties of nettle reinforcements  .     180 

6.3.1.4 Morphology of nettle reinforcements       182 

6.3.2 Characterization of biocomposites  

6.3.2.1 Physico-mechanical properties of biocomposites       183 

6.3.2.2 Morphology of biocomposites  ...     185 

6.3.2.3 Thermo gravimetric analysis of biocomposites       186 

6.3.2.4 Differential scanning calorimetry of biocomposites       187 

6.3.2.5 Dynamic mechanical analysis of biocomposites       189 

6.3.2.6 Biodegradability of biocomposites       191 

6 ..     192 

 

CHAPTER-7: Development, testing and evaluation of multidirectional biocomposites 



xv 
 
 

                         prepared from nettle fabric and poly(lactic acid) 

7.1 Introduction  .      197 

7.2 Materials and methods  

7.2.1 Material  .      198 

7.2.2 Fabrication of biocomposites  .      199 

7.2.3 Physical and mechanical properties of biocomposites  ..     201 

7.2.4 Thermal properties of biocomposites  

7.2.4.1 Thermo gravimetric analysis (TGA)       201 

7.2.4.2 Kinetic modeling       201 

7.2.4.3 Differential scanning calorimetry (DSC)       203 

7.2.4.4 Dynamic mechanical analysis (DMA)  .     203 

7.2.5 Biodegradation analysis       204 

7.3 Results and Discussion  

7.3.1 Physico-mechanical properties  

7.3.1.1 Effect of number of reinforcing-layer (ply) on physico-mechanical 

properties: a controlled approach towards isotropicity   

    204 

7.3.1.2 Effect of ply orientation on isotropicity       208 

7.3.2 Thermal properties  

7.3.2.1 Thermogravimetric analysis       209 

7.3.2.2 Effect of heating rate on thermal degradation       212 

7.3.2.3 Evolution of kinetic parameters  ..      213 

7.3.2.4 Differential scanning calorimetry       215 

7.3.2.5 Dynamic mechanical analysis       219 

7.3.3 Biodegradability       223 

7.4 Conclusions  ...     226 

 

CHAPTER-8: Conclusion and future scope of work 

8.1 Summary and conclusion  . .     231 

8.2 Suggestion for future work  . .     235 

 



xvi 
 
 

References     239 

Bio-data     255 

 

  



xvii 
 
 

LIST OF TABLES 

 

Tables Table Name Page No. 

Table 2.1 Morphological characteristics of natural fibres       25 

Table 2.2 Chemical composition of natural fibres       26 

Table 2.3 Tensile properties of natural fibres       28 

Table 2.4 Comparison between different moulding processes       42 

Table 3.1 Distinctive peaks of infrared transmission for nettle yarn       65 

Table 3.2 Mechanical properties nettle yarn       66 

Table 3.3 Physical and mechanical properties of pure PLA film and 

unidirectional green-composites 

      68 

Table 3.4 F value and P value of mechanical properties of biocomposites       70 

Table 3.5 Melting and crystallisation behaviours of neat PLA and 

biocomposites 

      77 

Table 3.6 Soil elements before and after burial of biocomposites       84 

Table 4.1 Mechanical properties of nettle fabric     100 

Table 4.2 Physical and mechanical properties of pure PLA film and 

biocomposites 

    102 

Table 4.3 Crystallization and melting behavior of pure PLA film and 

biocomposites 

    113 

Table 5.1 Percentage crystallinity of untreated and treated nettle 

reinforcements 

    140 

Table 5.2 EDX properties of untreated and treated nettle reinforcements     141 

Table 5.3 Physical and mechanical properties of biocomposites     151 

Table 5.4 Crystallization and melting behavior of biocomposites     160 

Table 5.5 The product design specification (PDS) for the accelerator pedal and 

pedal-mounting bracket 

    166 

Table 6.1 Percentage crystallinity of untreated and TEnOS treated nettle 

reinforcements 

    178 



xviii 
 
 

Table 6.2 Analysis of atomic percentage from EDX spectrum of untreated and 

treated nettle reinforcement 

    180 

Table 6.3 Effect of TEnOS modification on melting and crystallization 

behavior of biocomposites 

    188 

Table 7.1 Physical and mechanical properties of single ply and multi-ply 

biocomposites 

    209 

Table 7.2 Detailed values obtained from TGA & DTG thermograms on single-

ply and multi-ply biocomposites 

    211 

Table 7.3 Calculation of kinetic parameters from Arrhenius equation     215 

Table 7.4 Melting and crystallisation behavior of single-ply and multi-plied 

biocomposites 

    217 

Table 7.5 Transition temperature and adhesion behavior of single-ply and 

multi-plied biocomposites 

    221 

  



xix 
 
 

LIST OF FIGURES  

 

Figures Figure Title Page No. 

Fig. 2.1 (A) Himalayan allo (giant nettle) plant, (B) nettle fibres after 

extraction and drying, and (C) plain woven (handloom) nettle 

fabric used as reinforcement 

      19 

Fig. 2.2 Photo-micrograph of nettle fibre       24 

Fig. 2.3 Scheme of preparation of lactic acid from renewable resources       31 

Fig. 2.4 Process flow for preparation of sugar from starch       32 

Fig. 2.5 Scheme of preparation of lactic acid from glucose       32 

Fig. 2.6 Polymerization routes of poly(lactic acid)       32 

Fig. 2.7 Schematic diagram of injection moulding       41 

Fig. 2.8 Schematic diagram of (A) vacuum-assisted resin transfer moulding 

(B) compression moulding 

      42 

Fig. 3.1 (A) Himalayan nettle plant, (B) fibres used to prepare yarn, and (C) 

nettle yarn used for making UD preform as reinforcement 

      53 

Fig. 3.2 (A) Feed end & (B) delivery end of miniature carding machine       54 

Fig. 3.3 (A) Front side & (B) back side of metal frame used for preparation 

of UD preform, and (C) representative image of sandwiched 

structure of UD reinforcement during fabrication 

      55 

Fig. 3.4 Flow chart of the biocomposite preparation process       55 

Fig. 3.5 X-ray diffractograms of nettle yarn       63 

Fig. 3.6 FTIR spectrum of nettle yarn       65 

Fig. 3.7 EDX micrographs of nettle yarn       66 

Fig. 3.8 Illustration the ideal fiber on yarn surface       71 

Fig. 3.9 Comparison between theoretical results and experimental results: 

(A) Tensile stress, (B) Tensile  

      73 



xx 
 
 

Fig. 3.10 SEM images of cryo-fractured green-composites having (A) 20 

wt%, (B) 35 wt%, (C) 50 wt%, (D) 65 wt%, and (E) 80 wt% 

reinforcement 

      74 

Fig. 3.11 Thermogravimetric analysis (A), and differential 

thermogravimetric analysis (B) of neat PLA and green-composites 

      75 

Fig. 3.12 First heating cycle (A), and first cooling cycle (B) of neat PLA and 

green-composites 

      77 

Fig. 3.13 Storage modulus (A), loss modulus (B), and damping factor (C) of 

neat PLA and biocomposites 

      79 

Fig. 3.14 Percentage loss in weight and tensile strength of neat PLA and 

biocomposites after 20 days of soil burial 

      83 

Fig. 3.15 EDX spectra of soil (A) before (B) after burial of 50 wt% nettle 

yarn reinforced PLA composite 

      84 

Fig. 4.1 ATRIR spectrum of nettle fabric       98 

Fig. 4.2 EDX micrographs of nettle fabric       99 

Fig. 4.3 Microscopic images showing tensile failure of biocomposites with 

nettle content of (A) 28 %, (B) 50 %, and (C) 72 % 

    102 

Fig. 4.4 Comparison between experimental and theoretical results: (A) 

Tensile strength (B) Tensile modulus 

    106 

Fig. 4.5 SEM images of cryo-fractured biocomposites having 

reinforcement content of (A) 28 %, (B) 42 %, (C) 50 %, (D) 58 %, 

and (E) 72 % 

    108 

Fig. 4.6 Thermogravimetric analysis (A), and differential 

thermogravimetric analysis (B) of PLA film and biocomposites 

    110 

Fig. 4.7 Differential scanning calorimetry thermographs of PLA film and 

biocomposites 

    112 

Fig. 4.8 Storage modulus (A), loss modulus (B), and damping factor (C) of 

PLA film and biocomposites against temperature 

    114, 

    117 

Fig. 4.9 Percentage loss in weight and strength of biocomposites after 20 

days of soil burial 

    119 



xxi 
 
 

Fig. 4.10 SEM images of biocomposite surfaces having (10.A) 28 wt%, 

(10.B) 42 wt%, (10.C) 50 wt%, (10.D) 58 wt%, and (10.E) 72 wt% 

reinforcement before soil burial 

    120 

Fig. 4.11 SEM images of biocomposite surfaces having (11.A) 28 wt%, 

(11.B) 42 wt%, (11.C) 50 wt%, (11.D) 58 wt%, and (11.E) 72 wt% 

reinforcement after soil burial 

    120 

Fig. 5.1 Schematic representation of silanization process of nettle 

reinforcement 

    130 

Fig. 5.2 X-ray diffractograms of untreated and (A) TES-PM, (B) APTES 

treated nettle fabric 

    139 

Fig. 5.3 ATRIR spectra of untreated and treated nettle reinforcements 

having wave numbers (A) 4000 cm-1  500 cm-1, (B) 3100 cm-1  

2700 cm-1, (C) 1900 cm-1  1600 cm-1, (D) 1450 cm-1  1250 cm-1, 

and (E) 1250 cm-1  950 cm-1 

    142 

Fig. 5.4 Behaviors of tensile strength (A), breaking extension (B), and 

bending modulus (C) of untreated and treated nettle fabrics 

    145 

Fig.5.5 Surface morphology of reinforcement (A) untreated, (B) 0.5 % 

TES-PM, (C) 1.0 % TES-PM, (D) 2.5 % TES-PM, (E) 5.0 % TES-

PM, (F) 0.5 % APTES, (G) 1.0 % APTES, (H) 2.5 % APTES, and 

(I) 5.0 % APTES 

    146 

Fig. 5.6 Grafted quantity of silane molecules at different initial 

concentrations of coupling chemicals 

    148 

Fig. 5.S1 Thermogravimetric analysis of (A) TES-PM and (B) APTES 

treated reinforcements 

    148 

Fig. 5.7 Simplified illustration of (A) interactions between surface 

modified reinforcement and bio-matrix at interfaces, and (B) 

interactions between grafted silane molecules and hydroxyl groups 

of reinforcement 

    152 

Fig. 5.8 Tensile strength and interfacial factor of biocomposites verses 

initial concentration of coupling chemicals 

    155 



xxii 
 
 

Fig. 5.9 SEM images of cryo-fractured biocomposites having (A) 

untreated, (B) 0.5 % TES-PM, (C) 1.0 % TES-PM, (D) 2.5 % TES-

PM, (E) 5.0 % TES-PM, (F) 0.5 % APTES, (G) 1.0 % APTES, (H) 

2.5 % APTES, and (I) 5.0 % APTES treated reinforcement 

    156 

Fig. 5.10 Thermogravimetric analysis of biocomposites having (A) TES-PM 

and (B) APTES treated reinforcements  

Differential thermogravimetric analysis of biocomposites having 

(C) TES-PM and (D) APTES treated reinforcements 

    158 

Fig. 5.11 First heating cycle of biocomposites having (A) TES-PM, and (B) 

APTES treated reinforcement 

First cooling cycle of biocomposites having (C) TES-PM, and (D) 

APTES treated reinforcement 

    160, 

    161 

Fig. 5.12 Storage modulus of biocomposites having (A) TES-PM, and (B) 

APTES treated reinforcement 

Loss modulus of biocomposites having (C) TES-PM, and (D) 

APTES treated reinforcement 

Damping factor of biocomposites having (E) TES-PM, and (F) 

APTES treated reinforcement 

    163, 

    164, 

    165 

Fig. 5.13 Percentage loss in (A) weight, and (B) strength of biocomposites 

after 35 days of soil burial having TES-PM and APTES treated 

nettle fabric 

    167 

Fig. 6.1 X-ray diffractograms of untreated and TEnOS treated nettle fabric     179 

Fig. 6.2 Tensile strength (A), breaking extension (B), and bending modulus 

(C) of untreated and TEnOS treated nettle fabrics 

    181 

Fig. 6.3 Surface morphology of reinforcement (A) untreated, (B) 0.5 wt. % 

TEnOS, (C) 1.0 wt. % TEnOS, (D) 2.5 wt. % TEnOS, (E) 5.0 wt. 

% TEnOS 

    182 

Fig. 6.4 Tensile properties (A), flexural properties (B), and impact 

properties (C) of biocomposite having untreated and TEnOS 

treated reinforcement 

    184 



xxiii 
 
 

Fig. 6.5 SEM images of cryo-fractured biocomposites having untreated (A) 

and reinforcement treated with 0.5 wt. % (B), 1.0 wt. % (C), 2.5 

wt. % (D), and 5.0 wt. % (E) concentration of TEnOS 

    186 

Fig. 6.6 Thermogravimetric analysis (A), and differential 

thermogravimetric analysis (B) of biocomposites having untreated 

and TEnOS treated reinforcements 

    187 

Fig. 6.7 First heating cycle (A), and first cooling cycle (B) of 

biocomposites having untreated and TEnOS treated 

reinforcements 

    188 

Fig. 6.8 Storage modulus (A), and loss modulus (B) of biocomposites 

having untreated and TEnOS treated reinforcements 

    190 

Fig. 6.9 Percentage loss in (A) weight, and (B) strength of biocomposites 

after 35 days of soil burial having untreated and TEnOS treated 

nettle fabric 

    191 

Fig. 7.1 (A) Representative image of a layer of reinforcement sandwiched 

between two layers of biomatrix, (B) Placement of successive 

layers of woven fabric and fiberweb for a biocomposite, and (C) 

Interaction of processing time and temperature during fabrication 

of biocomposites. 

    201 

Fig. 7.2 SEM image of cryo-fractured three-ply biocomposite (A), 

delaminated specimen when sample undergoes flexural testing (B), 

and representative image of PLA fibre-web and nettle 

reinforcement before fabrication of 

orientation angle (C) 

    207 

Fig. 7.3 (A) Effect of number of plies on isotropicity of biocomposites, and 

(B) Effect of orientation angle on isotropicity of three-plied 

biocomposites 

    209 

Fig. 7.4 Thermogravimetric analysis (A), and differential 

thermogravimetric analysis (B) of single-ply and multi-ply 

biocomposites 

    211 



xxiv 
 
 

Fig. 7.5 Thermogravimetric analysis (A), and differential 

thermogravimetric analysis (B) of three-ply biocomposites at 

different heating rates 

    212 

Fig. 7.6 R2 versus  plot (A), and  versus  plot (B) 

from Arrhenius method. 

    215 

Fig. 7.7 First heating cycle (A), first cooling cycle (B), and second heating 

cycle (C) of single-ply and multi-ply biocomposites 

    218 

Fig. 7.8 Storage modulus (A), loss modulus (B), and damping factor (C) of 

single-ply and multi-ply biocomposites 

    222 

Fig. 7.9 Schematic representation of biodegradation process of 

biocomposites 

    224 

Fig. 7.10 Percentage loss in weight and tensile strength of single-ply and 

multi-ply biocomposites after 20 days and 45 days of incubation 

    225 

  



xxv 
 
 

LIST OF SYMBOLS 

 

    C6H12O6 Glucose 

     Percentage crystallinity of reinforcement 

     M  

     Intensity of diffraction of the amorphous region at  

      

     Flexural rigidity of yarn, 

stiffness tester 

     Deflection of ring  

     Scale reading at lowest point of ring before adding a mass 

     Scale reading at lowest point of ring after adding a mass 

     Mass of ring 

     Circumference of ring 

     Specific value corresponding to the value of  

     Density of biocomposite 

     Weight of biocomposite in air 

     Weight of biocomposite in hexene 

     Theoretical density of biocomposite 

     Mass fraction of reinforcement 

     Density of reinforcement 

     Mass fraction of matrix 

     Density of matrix 

     Void content of biocomposite 

     Melting temperature of biocomposite 

     Melting enthalpy of biocomposite 

     Crystallization temperature of biocomposite 

     Crystallization enthalpy of biocomposite 

     Degree of crystallinity of biocomposite 



xxvi 
 
 

     Melting enthalpy of completely crystallized PLA matrix 

     Weight of biocomposite specimen before soil buried 

     Weight of biocomposite specimen before soil buried 

     Tensile strength of biocomposite specimen before soil buried 

     Tensile strength of biocomposite specimen before soil buried 

    D Size of crystallite 

     Scherrer's constant 

     Full-width of peak at half-  

     Wavelength of the x-ray radiation 

     Tensile strength of biocomposite 

     Tensile strength of reinforcement 

     Volume fraction of reinforcement 

     Tensile strength of matrix 

     Volume fraction of matrix 

     Orientation efficiency factor 

     Average angle of inclination of the fibres from the loading direction 

     Yarn diameter 

     Yarn twist 

     Glass transition temperature of biocomposite 

     Thermal conductivity of PLA matrix 

     Thermal conductivity of nettle reinforcement 

     Storage modulus of biocomposite 

     Loss modulus of biocomposite 

     Damping factor of biocomposite 

     Bending length of woven fabric 

     Length of overhang of woven fabric 

     Flexural rigidity of woven fabric 

     Areal density of woven fabric 

     Bending modulus of woven fabric 

     Fabric thickness 



xxvii 
 
 

     Empirical interfacial factor in between matrix and reinforcement  

     Density of TES-PM 

     Density of APTES 

    M Molar weight of a hydrolysed silane 

     Thermal degradation of biocomposite 

     Conversion time 

     Temperature-dependent rate constant of conversion 

     Absolute reaction temperature 

     Temperature-independent function of conversion 

     Order of reaction 

     Rate of heating 

     Pre-exponential/ frequency factor 

     Activation energy 

     Universal gas constant 

    R2 Coefficient of determination 

     Cold crystallization enthalpy of biocomposite 

     Adhesion coefficient between matrix and reinforcement 

     Volume fraction of reinforcement 

     Damping factor for biocomposite 

     Damping factor for neat PLA matrix 

  



xxviii 
 
 

LIST OF ABBREVIATIONS 

 

    PLA Poly(lactic acid) 

    PET Poly(ethylene terephthalate) 

    ELV End-of-life-vehicle 

    NFRBC Natural Fibre Reinforced Bio-matrix Composite 

    NFC Natural fibre-reinforced composites 

    APTES Amino propyl tri-ethoxy silane 

    PHA Poly(hydroxy alkanoates) 

    g/L Gram per liter 

    BFPRO Business of forest products, Japan 

    ATP Adenosine triphosphate 

    NADH Reduced nicotinamide adenine dinucleotide 

    ROP Ring-opening polymerization 

    DSC Differential scanning calorimetry 

    LOI Limiting oxygen index 

    RTM Resin transfer moulding 

    VARTM Vacuum-assisted resin transfer moulding 

    PDS Product design specification 

    UD Unidirectional 

    XRD X-ray diffractogram 

    FT-IR Fourier transform infrared 

    EDX Energy dispersive X-ray 

    ASTM American society for testing and materials 

    SEM Scanning electron microscopy 

    TGA Thermo gravimetric analysis 

    DTG Differential thermogravimetry 

    DMA Dynamic mechanical analysis 

    ANOVA Analysis of variance 

    RoM Rule of mixtures 



xxix 
 
 

    DP Degree of polymerization 

    PHBV Poly(3-hydroxybutyrate hydroxyvalerate) 

    ATRIR Attenuated total reflection infra-red 

    NFC Natural fibre-reinforced composites 

    TES-PM Tri-ethoxy silyl propyl methacrylate 

    w/w Weight by weight 

    TEnOS Tri ethoxy n-Octyl silane 

    v/v Volume by volume 

    CD Cross-direction 

    MD Machine-direction 

 


