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Abstract 

This research work was carried out to investigate the effect of short nylon fiber on natural 

rubber based solid tire tread compound. It was also an objective of this work to find the best 

fiber loading that would produce short fiber-rubber composites of good physical and 

mechanical properties of vulcanized rubber. A screening procedure was carried out to 

identify the best fiber content.   

Natural Rubber based compound was used and Nylon 6 short fibers were used. Length of 

fiber was selected as around 5 mm and fiber loadings were varied from 1 to 20 part per 

hundred rubber. The short fibers were taken from the RFL dip nylon cords but an additional 

dry bonding system was added to the compound to overcome the bonding failures in cutting 

edges of the fibers.  

The Physico-mechanical properties, Dynamic properties and Cure characteristics were 

studied in detail. There is a positive influence on the tearing strength, cut & chip resistance 

and compression test (load bearing capability) with the increase in fiber content. The tensile 

strength and elongation properties were negatively influenced with the loading of short fiber. 

There was no major influence on Hardness and Specific Gravity of the composites with the 

increase of fiber content. At the low fiber loading, Abrasion resistance, rolling resistance and 

hysteretic energy loss (Resilience) of composites had positive influence on properties but 

beyond the fiber content of 3 parts per hundred rubbers, the properties were negatively 

influenced.   

The Minimum torque and Mooney viscosity decreased with the fiber loading up to 5 phr but 

it increased with the further loading of short fiber. The scorch time increased with the fiber 

loading but there was no major influence on optimum curing time (t90)      

As such the general conclusion inferred from this study favor a high potential of using short 

nylon fiber as reinforcing material for tire tread compounds which are used in high load 

bearing applications in solid tires.  

  



v 

 

CONTENTS 

1 CHAPTER 01 - INTRODUCTION ..................................................................... 1 

1.1 Background ................................................................................................... 1 

1.2 Research Focus .............................................................................................. 2 

2 CHAPTER 02 - LITERATURE SURVEY.......................................................... 6 

2.1 Composites .................................................................................................... 6 

2.2 Classification of Composites ......................................................................... 6 

2.2.1 Particular Reinforced Composites ......................................................... 6 

2.2.2 Hybrid Composites ................................................................................ 7 

2.2.3 Laminates ............................................................................................... 7 

2.2.4 Fiber reinforced composites ................................................................... 7 

2.3 Short Fiber-Rubber Composites .................................................................... 8 

2.4 Rubber Matrix ............................................................................................. 10 

2.5 Natural Rubber ............................................................................................ 11 

2.5.1 Structure and Properties of Natural Rubber (NR) ................................ 11 

2.5.2 Application of Natural Rubber ............................................................. 12 

2.6 Fibers ........................................................................................................... 12 

2.6.1 Nylon Fiber .......................................................................................... 13 

2.7 Factors Affecting the Properties of Short Fiber – Rubber Composites ....... 14 

2.7.1 Fiber Length ......................................................................................... 14 

2.7.2 Fiber Aspect Ratio................................................................................ 15 

2.7.3 Fiber Content ........................................................................................ 16 

2.7.4 Fiber Orientation .................................................................................. 16 

2.7.5 Fiber – Rubber Matrix Adhesion ......................................................... 17 

2.8 Manufacturing of fibers ............................................................................... 22 

2.8.1 Continuous fibers ................................................................................. 22 



vi 

 

2.8.2 Discontinuous fibers ............................................................................ 22 

2.9 Processing of Short fibers – Rubber composites ......................................... 23 

2.10 Drawback of short fiber loaded compounds in processing ......................... 23 

2.11 Reinforcing Mechanism of Short Fibers ..................................................... 24 

3 CHAPTER 03 - EXPERIMENTAL .................................................................. 27 

3.1 Material ....................................................................................................... 27 

3.2 Preparation of Compound ........................................................................... 28 

3.2.1 Compound formulation ........................................................................ 28 

3.3 Processing .................................................................................................... 29 

3.3.1 Mixing in Internal Mixer ...................................................................... 29 

3.3.2 Compound Mixing Cycles ................................................................... 30 

3.3.3 Mixing on Mill ..................................................................................... 31 

3.3.4 Cure Characteristic ............................................................................... 31 

3.3.5 Moulding and Vulcanization of Test Specimens ................................. 32 

3.4 Physical Properties ...................................................................................... 32 

3.4.1 Determination of Tensile Strength, Modulus and Elongation ............. 32 

3.4.2 Determination of Tear Strength ........................................................... 34 

3.4.3 Determination of Density ..................................................................... 35 

3.4.4 Hardness ............................................................................................... 35 

3.5 Mechanical Properties ................................................................................. 36 

3.5.1 Determination of Abrasion Resistance ................................................ 36 

3.5.2 Cut and Chip ........................................................................................ 37 

3.5.3 Rebound Resilience .............................................................................. 38 

3.6 Set Properties ............................................................................................... 38 

3.6.1 Compression Load ............................................................................... 38 

3.7 Dynamic Properties ..................................................................................... 39 



vii 

 

3.7.1 Dynamic Mechanical Analysis (DMA) ............................................... 39 

3.7.2 Heat Build-up ....................................................................................... 39 

4 CHAPTER 04 - RESULTS AND DISCUSSION .............................................. 41 

4.1 Rheological Properties ................................................................................ 41 

4.1.1 Mooney Viscosity ................................................................................ 41 

4.1.2 Rheometer Properties ........................................................................... 43 

4.2 Physical Properties ...................................................................................... 46 

4.2.1 Tensile Strength ................................................................................... 46 

4.2.2 Tearing Strength ................................................................................... 48 

4.2.3 Modulus ............................................................................................... 50 

4.2.4 Elongation at Break .............................................................................. 50 

4.2.5 Hardness ............................................................................................... 52 

4.2.6 Density ................................................................................................. 53 

4.3 Mechanical Properties ................................................................................. 54 

4.3.1 Abrasion ............................................................................................... 54 

4.3.2 Compression Test ................................................................................. 55 

4.3.3 Rebound Resilience .............................................................................. 56 

4.3.4 Cut and Chip ........................................................................................ 57 

4.4 Dynamic Properties ..................................................................................... 58 

4.4.1 Goodrich Flexometer Heat Build-Up ................................................... 58 

4.4.2 Dynamic Mechanical Analysis (DMA) ............................................... 60 

4.5 Overall Performance in individual fiber loading ......................................... 61 

4.6 Hypothesis test for selecting best combination ........................................... 66 

5 CHAPTER 05 - CONCLUSION AND RECOMMENDATIONS FOR FUTURE 

STUDIES ................................................................................................................... 69 

5.1 Conclusion ................................................................................................... 69 



viii 

 

5.1.1 Physical Properties ............................................................................... 69 

5.1.2 Mechanical Properties .......................................................................... 70 

5.1.3 Dynamic Properties .............................................................................. 70 

5.1.4 Cure Characteristics ............................................................................. 70 

5.2 Recommendation for Future Studies ........................................................... 71 

   

Bibliography 75 

Appendix 1         78 

Appendix 2         82 

Appendix 3         97 

  



ix 

 

LIST OF FIGURES  

 

Figure 1.1 Waste Nylon Material in Fabric Calender .................................................. 4 

Figure 1.2  Compound Consumption ........................................................................... 4 

Figure 2.1 Classification of Composites ...................................................................... 7 

Figure 2.2 Chemical Structure of Natural Rubber ..................................................... 11 

Figure 2.3 Classification of Fibers ............................................................................. 12 

Figure 2.4 Polymer molecules diffuse into the molecular network of the fiber surface

 .................................................................................................................................... 18 

Figure 2.5 Electrostatic interaction at the interface ................................................... 18 

Figure 2.6 Chemical bonds in both fiber and rubber matrix ...................................... 19 

Figure 2.7 Mechanical adhesion due to surface roughness ........................................ 19 

Figure 2.8 Chemical Reaction of HRH ...................................................................... 21 

Figure 2.9 Process flow chart of Product Manufacturing with short fiber................. 23 

Figure 2.10 Force apply on continuouse Fiber........................................................... 24 

Figure 2.11 Short Fiber in a Rubber Matrix ............................................................... 25 

Figure 2.12 Force Apply on a Short Fiber ................................................................. 25 

Figure 3.1 Fiber Orientation in Tensile Test Specimen ............................................. 33 

Figure 3.2 Dimensions of Dumb Bell ........................................................................ 34 

Figure 3.3 Fiber Orientation in Tearing Test Specimen ............................................ 34 

Figure 3.4 Dimensions of the Tearing Piece .............................................................. 35 

Figure 4.1 Final Mooney Viscosity ............................................................................ 42 

Figure 4.2 Vulcanizing Properties - ML .................................................................... 43 

Figure 4.3 Vulcanizing Properties - ts2...................................................................... 44 

Figure 4.4 Vulcanizing Properties - t90 ..................................................................... 45 

Figure 4.5 Microscope Picture in Different magnitudes ............................................ 46 

Figure 4.6 Tensile Strength - Longitudinal Direction ................................................ 47 

Figure 4.7 Tensile Strength – (Transverse Direction) vs fiber loading...................... 47 

Figure 4.8 Tear Strength - Longitudinal Direction .................................................... 48 

Figure 4.9 Tear Strength - Transvers Direction ......................................................... 49 

Figure 4.10 300% Modulus ........................................................................................ 50 

file:///F:/apps/cvddf/Data/HEMANTHA/PERSONNEL/MSC/RESEARCH/FINAL/CHAPTER%20REVIEW/FINAL%20REPORT%20-%2023.06.2017(Final%20Revison).docx%23_Toc486466174
file:///F:/apps/cvddf/Data/HEMANTHA/PERSONNEL/MSC/RESEARCH/FINAL/CHAPTER%20REVIEW/FINAL%20REPORT%20-%2023.06.2017(Final%20Revison).docx%23_Toc486466175
file:///F:/apps/cvddf/Data/HEMANTHA/PERSONNEL/MSC/RESEARCH/FINAL/CHAPTER%20REVIEW/FINAL%20REPORT%20-%2023.06.2017(Final%20Revison).docx%23_Toc486466185


x 

 

Figure 4.11 Elongation at Break - Longitudinal Direction ........................................ 51 

Figure 4.12 Elongation at Break - Transverse Direction ........................................... 52 

Figure 4.13 Hardness ................................................................................................. 53 

Figure 4.14 Specific Gravity of compound ................................................................ 53 

Figure 4.15 Abrasion .................................................................................................. 55 

Figure 4.16 Compression Test ................................................................................... 55 

Figure 4.17 Rebound Resilience ................................................................................ 56 

Figure 4.18 Average Weight Loss % ......................................................................... 57 

Figure 4.19 Average Diameter Loss % ...................................................................... 58 

Figure 4.20 Goodrich Flexometer Heat Build-Up - Standard Test ............................ 59 

Figure 4.21 Goodrich Flexometer Heat Build-Up - Blowout Test ............................ 59 

Figure 4.22 Tangent δ at 60 
0
C Temperature ............................................................. 60 

Figure 4.23 Control Vs 1 Phr ..................................................................................... 61 

Figure 4.24 Control Vs 1.5 Phr .................................................................................. 62 

Figure 4.25 Control vs 2 phr ...................................................................................... 62 

Figure 4.26 Control vs 2.5 phr ................................................................................... 63 

Figure 4.27 Control vs 3 phr ...................................................................................... 63 

Figure 5.1 Control  vs 5 phr ....................................................................................... 64 

Figure 5.2 Control vs 10 phr ...................................................................................... 64 

Figure 5.3 Control vs 15 phr ...................................................................................... 65 

Figure 5.4 Control vs 20 phr ...................................................................................... 65 

Figure 5.5 Overall Rating ........................................................................................... 66 

 

 

 

 

 

 

  



xi 

 

LIST OF TABLE 

 

Table 1 First Stage Compound Formulation .............................................................. 29 

Table 2 Second Stage Compound Formulation ......................................................... 29 

Table 3 First Stage Compound Mixing Cycle ........................................................... 30 

Table 4 Second Stage Compound Mixing Cycle ....................................................... 30 

Table 5 Summery of Hypothesis Test ........................................................................ 67 

 

 

 

  



xii 

 

LIST OF ABBREVIATIONS 

Abbreviation    Description 

ASTM    American Society for Testing and Materials 

BR     Butadiene Rubber 

BS    British Standard  

CR    Chloroprene Rubber 

CTV     N - [Cyclohexylthio] Phtalimide 

DIN  “Deutsches Institut für Normung” which means 

'German Institute of Standardization 

DMA    Dynamic Mechanical Analyzer 

EPDM    Ethylene propylene diene monomer 

E‟     Storage modulus  

E”    Loss modulus 

HMT     Hexamethylene tetramine 

HRH    Hydrated Silica, Resorcinol and Hexamethylene 

Tetramine 

IRHD    International Rubber Hardness 

LEFM     Linear elastic fracture mechanism 

MH    Maximum torques 

ML    Minimum torques 

NBR    Acrylonitrile Butadiene Rubber 

NR    Natural Rubber 

phr    Part per Hundred Rubber 

PAC    Polycyclic aromatic compound 

PON     Press-On Tires 

PVI    Pre Vulcanization Inhibitor 



xiii 

 

Abbreviation    Description 

 

RFL    Resorcinol Formaldehyde Latex 

RSS    Rib smoke sheet 

SBR    Styrene Butadiene Rubber  

SFRP    Short fiber reinforced polymer 

ts2    Scorch time 

t90    Optimum cure time 

TBBS    N-Tert-Butyl-2-Benzothiazolesulfenamide  

TMQ     2,2 4-Trimethyl - 1,2 Dihydro Quinoline- 

(Polymerized) 

 

 

 

 

 

 

  


