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Abstract 

 

Composites based on epoxy resin have been applied in many industry sectors, such as 

construction, aerospace and transportation. However, rather poor fire performance of 

epoxy composites can limit their applications, especially in the recent years when the 

strict fire safety regulations have become mandatory. Therefore, it is important to 

enhance the flame resistance of the composites and understand their behaviour after 

incorporation of flame retardant additives at room and elevated temperatures. Among 

all flame retardants, the intumescent additives have gained substantial attention due to 

their high efficacy and low toxicity.  

In this research, the effects of flame retardant additives based on intumescent 

ammonium polyphosphate (APP) and talc on the thermal and mechanical properties of 

epoxy resin and its glass fibre composites have been investigated by conducting a 

comprehensive set of fire and mechanical tests. In addition, the performance 

characteristics of two additive systems, APP/halloysite nanotube (HNT) and 

APP/layered double hydroxide (LDH), with regards to fire and mechanical properties of 

epoxy and epoxy/glass fibre composites have been compared. Furthermore, a 

customised method has been explored to determine the tensile properties of glass and 

flax fibre epoxy composites (with and without APP) at elevated temperatures. The 

effects of heat-induced damage and APP on the impact properties of glass and flax fibre 

reinforced composites have also been evaluated and compared. 

The cone calorimeter results have shown that the combination of APP and talc, 

compared to APP alone, can enhance the flame retardancy of epoxy/glass fibre 

composites. However, the combination of the additives may adversely affect the fire 

reaction properties of the epoxy resin. On the other hand, the decomposition of talc 

particles by the application of flame in the vertical burn test could not provide any 

rating for the glass fibre composites. In addition, the combined effects of APP and 

nano-clays, layered double hydroxide or halloysite nano-tube, significantly improve the 

flame retardant properties of epoxy and its glass fibre composites. 
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The incorporation of the additives (APP, APP/talc and APP/nano-clays) generally tends 

to reduce the tensile and flexural strengths of the resin but enhances both tensile and 

flexural moduli; whereas the mechanical properties of epoxy/glass fibre composite are 

not significantly affected by the incorporation of the additives. Furthermore, the tensile 

tests of glass and flax fibre composites at elevated temperatures have demonstrated the 

significant reductions in the tensile properties of both composites at 100 ºC. However, 

the glass fibre composites could retain the tensile properties at the same reduced level 

when exposed to temperatures between 100 and 300 ºC before a slight reduction at 400 

ºC. The flax fibre composites, on the other hand, lose most of their tensile properties 

during the temperature rise up to 250 ºC. An addition of APP further degrades the 

tensile properties of the composites in the temperature range of 250 to 400 ºC, even 

though it has been effective to improve the fire properties of the composites. 

The glass and flax fibre composites have also shown different drop-weight impact 

properties after being exposed to heat (at 300 ºC). The absorbed energy by the glass 

fibre composite as well as the maximum deflection increase but the maximum impact 

force of the composite reduces due to the heat exposure. However, the energy 

absorption, maximum deflection and impact force of the flax fibre composite decrease 

after the heat exposure. Furthermore, the impact energy absorptions of both heat-

exposed composites have improved in the presence of APP.  

Overall, it can be concluded that the incorporation of suitable flame retardant additives 

can improve the flame retardancy of fibre reinforced composites without significantly 

affecting their mechanical properties. Furthermore, in spite of higher flammability of 

natural fibre composites compared to that of the synthetic fibre composites, they show 

comparable flame retardant properties by incorporating the intumescent additives. 

Moreover, the differences between the mechanical performances of synthetic and 

natural fibre composites during and after heat exposure should be considered for the 

potential replacements of the synthetic fibre reinforced composites by their natural fibre 

counterparts.     

 

 



iii 

 

Dedication 

 

 

 

 

 

 

To: 

My Father’s Soul, Mehdi Rajaei 

and 

My Mother, Zoya Nahrir 

 

 

 

 

 

 



iv 

 

Acknowledgments 

 

First and foremost, I would like to express my deepest gratitude to my primary 

supervisor, Distinguished Professor Debes Bhattacharyya, whose scientific guidance 

and extensive knowledge helped me to pursue my education in PhD. Furthermore, the 

substantial contribution of Professor Simon Bickerton at all stages of my thesis is 

gratefully acknowledged. In addition, I should thank Dr. De-Yi Wang who provided me 

with the opportunity to visit his research group in order to gain knowledge in the flame 

retardancy area. The kind assistance of Associate Professor Krishnan Jayaraman, the 

head of Mechanical Engineering Department, and Dr. Richard Lin is also much 

appreciated. Moreover, I wish to thank Dr. Nam Kyeun Kim for his scientific insights, 

which empowered me to conduct the experiments and overcome the pertinent problems 

not only in performing the experimental parts but also in analysing the data and revising 

this thesis. Also, I deeply appreciate Dr. Tom Allen’s assistance in manufacturing 

composite samples and implementing mechanical testing.  

Then, I must say a big thank to the technical staff of CACM, including Jos Geurts, 

Callum Turnbull, Stephen Cawley and Andrea Tinone, because of their great patience 

and practical support in all experimental parts of my research. The technical support of 

Ms. Albina Avzalova, the polymer chemistry lab technician, is much appreciated. 

Thanks also go to the Chemical and Materials Engineering and Biology Science 

Departments, which kindly allowed me to use their equipments. Last but not least, I 

should thank Ms. Sheeja Chidabaram, for her assistance on financial and administrative 

work.  

I should also thank all of my friends and colleagues at CACM and those who gave me 

inspiration and allocated their precious time during my PhD, especially Dr. Arcot 

Somachekar, Dr. Daeseung Jung, Dr. Velram Balaji Mohan, Dr. Maedeh 

Amirpourmolla, Dr. Oisik Das, Abdolmajid Alipour, Raveen John B, Avishek Chanda, 

Hamid Souri, Christian Netzel, Hamed Abdoli, Willsen Wijaya, Sam Van Ooseterom, 

Tino Hermann, Balaji Muthuvel, Swagata Dutta, Gunther Hofler, Abhi Ramesh and 

Hamza Qazi.  



v 

 

My kindest thanks to my beloved borthers, Ali and Fazel, who despite the physical 

distance always motivated me to climb the career ladder and reach my goals.  

In addition, I should express my gratitude to my great friends, Ms. Alison Roberton and 

Mr. Raymond Henderson, for the constant support during my PhD involvement.  

Finally, the financial support provided by the Ministry of Business Innovation and 

Employment, New Zealand is gratefully acknowledged. 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

Contents 

 
Abstract .............................................................................................................................. i 

Dedication ....................................................................................................................... iii 

Acknowledgments ........................................................................................................... iv 

Contents ........................................................................................................................... vi 

List of Figures .................................................................................................................. xi 

List of Tables .................................................................................................................. xv 

Abbreviation Index ........................................................................................................ xvi 

Chapter 1 Introduction ...................................................................................................... 1 

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

1.2 Research Objectives ........................................................................................... 2 

1.3 Brief Overview of the Thesis .............................................................................. 3 

Chapter 2 Literature Review ............................................................................................. 5 

2.1 Polymers ............................................................................................................. 5 

2.2 Fibre Reinforced Polymer Composites ............................................................... 5 

 Polymer Matrix ........................................................................................... 6 2.2.1

2.2.1.1 Thermoset Matrix .................................................................................... 6 

2.2.1.2 Thermoplastic Matrix .............................................................................. 7 

2.2.1.3 Thermosets versus Thermoplastics ......................................................... 7 

 Fibre Reinforcement ................................................................................... 8 2.2.2

2.2.2.1 Synthetic Fibres ....................................................................................... 8 

2.2.2.2 Natural Fibres .......................................................................................... 9 

2.3 Test Methods to Measure the Flammability of Polymer Composites .............. 10 

 Cone Calorimeter Test .............................................................................. 10 2.3.1

 Ohio State University Calorimeter Test .................................................... 12 2.3.2

 Vertical Burning Test ................................................................................ 13 2.3.3



vii 

 

 Limiting Oxygen Index Test ..................................................................... 15 2.3.4

 Single Burning Item Test .......................................................................... 16 2.3.5

 Room Calorimeter Test ............................................................................. 17 2.3.6

2.4 Techniques to Impart Flame Retardancy to Polymer Composites ................... 18 

2.5 Flame Retardant Additives ............................................................................... 19 

 Halogenated Flame Retardant Additives .................................................. 21 2.5.1

 Halogen Free Flame Retardant Additives ................................................. 21 2.5.2

2.5.2.1 Metal Hydroxides .................................................................................. 21 

2.5.2.2 Silicon Based Flame Retardant Additives............................................. 22 

2.5.2.3 Phosphorus Based Flame Retardant Additives ..................................... 22 

2.5.2.4 Nitrogen Based Flame Retardant Additives .......................................... 22 

2.5.2.5 Intumescent Flame Retardant Systems ................................................. 22 

2.5.2.6 Micro and Nano-Sized Fillers as Flame Retardant Additives ............... 23 

2.6 Effects of Halogen Free Flame Retardant Additives on Flammability and 

Thermal Properties of Polymer Composites ..................................................... 24 

 Metal Hydroxides ..................................................................................... 24 2.6.1

 Silicon Based Flame Retardant Additives ................................................ 25 2.6.2

 Phosphorus Based Flame Retardant Additives ......................................... 26 2.6.3

 Nitrogen Based Flame Retardant Additives ............................................. 28 2.6.4

 Intumescent Flame Retardant Systems ..................................................... 29 2.6.5

 Micro and Nano-Sized Fillers as Flame Retardant Additives .................. 33 2.6.6

2.7 Effects of Flame Retardant Additives on the Mechanical Properties of Polymer 

Composites ....................................................................................................... 39 

2.8 Effects of Heat and Fire Exposure on the Mechanical Properties of Fibre 

Reinforced Composites ..................................................................................... 42 

2.9 Summary ........................................................................................................... 49 

Chapter 3 Experimental Details ...................................................................................... 53 

3.1 Materials ........................................................................................................... 53 

3.2 Manufacturing Processes .................................................................................. 54 



viii 

 

 Epoxy Composites .................................................................................... 54 3.2.1

 Fibre Reinforced Composites ................................................................... 55 3.2.2

3.3 Characterisation Methods ................................................................................. 56 

 Density and Void Content Measurements ................................................ 56 3.3.1

 Fourier Transform Infrared Spectroscopy ................................................ 57 3.3.2

 Environmental Scanning Electron Microscope ........................................ 57 3.3.3

 Transmission Electron Microscope .......................................................... 58 3.3.4

 TGA .......................................................................................................... 58 3.3.5

 Flammability Tests ................................................................................... 59 3.3.6

3.3.6.1 Cone Calorimeter Test .......................................................................... 59 

3.3.6.2 Vertical Burning Test ............................................................................ 59 

3.3.6.3 LOI Test ................................................................................................ 60 

 Mechanical Tests ...................................................................................... 61 3.3.7

3.3.7.1 Tensile Test ........................................................................................... 61 

3.3.7.2 Flexural Test .......................................................................................... 62 

3.3.7.3 Compression Test .................................................................................. 63 

3.3.7.4 Short Beam Strength Test ..................................................................... 63 

3.3.7.5 Drop-Weight Impact Test ..................................................................... 64 

3.3.7.6 Tensile Test at Elevated Temperatures ................................................. 65 

3.4 Experimental Plan ............................................................................................. 68 

Chapter 4 Combined Effects of APP and Talc ............................................................... 69 

4.1 Composites Fabrication and Characterisation .................................................. 69 

4.2 Results and Discussion ..................................................................................... 70 

 Cone Calorimeter Test .............................................................................. 70 4.2.1

 FTIR Analysis ........................................................................................... 75 4.2.2

 UL-94 Vertical Burning Test .................................................................... 76 4.2.3

 Thermal Degradation Behaviour .............................................................. 78 4.2.4

 Mechanical Behaviour .............................................................................. 79 4.2.5

4.3 Concluding Remarks ........................................................................................ 82 



ix 

 

Chapter 5 A Comparative Study on Effects of LDH and HNT Nano-Clays .................. 84 

5.1 Composites Fabrication and Characterisation .................................................. 86 

5.2 Results and Discussion ..................................................................................... 87 

 FTIR Characterisation of Nano-Particles ................................................. 87 5.2.1

 Morphological Analysis of Epoxy Nano-Clay Composites ..................... 88 5.2.2

 Fire Properties ........................................................................................... 89 5.2.3

5.2.3.1 Epoxy Nano-Clay Composites .............................................................. 89 

5.2.3.2 Fibre Reinforced Epoxy Composites .................................................... 93 

5.2.3.3 Flame Retardant Mechanisms ............................................................... 95 

 TGA .......................................................................................................... 96 5.2.4

 Mechanical Properties ............................................................................... 99 5.2.5

5.3 Concluding Remarks ...................................................................................... 100 

Chapter 6 Tensile Properties at Elevated Temperatures ............................................... 102 

6.1 Composites Fabrication and Characterisation ................................................ 103 

6.2 Results and Discussion ................................................................................... 104 

 TGA ........................................................................................................ 104 6.2.1

 Cone Calorimeter Test ............................................................................ 106 6.2.2

 Vertical Burning Test .............................................................................. 109 6.2.3

 Tensile Test ............................................................................................. 109 6.2.4

6.2.4.1 Tensile Properties of Glass Fibre Composites .................................... 109 

6.2.4.2 Tensile Properties of Flax Fibre Composites ...................................... 112 

6.3 Concluding Remarks ...................................................................................... 114 

Chapter 7 Post-Heating Impact Properties .................................................................... 115 

7.1 Composites Fabrication and Characterisation ................................................ 116 

7.2 Results and Discussion ................................................................................... 116 

 Flexural Test ........................................................................................... 116 7.2.1

 Low Velocity Drop-Weight Impact Test ................................................ 117 7.2.2

7.3 Concluding Remarks ...................................................................................... 125 



x 

 

Chapter 8 Conclusions and Future Work ...................................................................... 126 

8.1 Conclusions .................................................................................................... 126 

8.2 Recommendations for Future Work ............................................................... 128 

List of Publications ....................................................................................................... 130 

References ..................................................................................................................... 131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

List of Figures 

 

Figure 1.1 Chemical structure of APP .............................................................................. 2 

Figure 2.1 Schematic view of cone calorimeter ............................................................. 11 

Figure 2.2 Vertical and horizontal positions of sample in cone calorimeter tests .......... 12 

Figure 2.3 Ohio state university calorimeter apparatus .................................................. 13 

Figure 2.4 Vertical burning test setup in ASTM D3801 ................................................. 14 

Figure 2.5 Limiting oxygen index apparatus .................................................................. 16 

Figure 2.6 Single burning item test setup ....................................................................... 17 

Figure 2.7 Schematic diagram of the room fire calorimeter ........................................... 18 

Figure 2.8 Schematic diagram of polymer composite combustion process ................... 20 

Figure 2.9 Intumescent char formation in polymers to reduce flammability ................. 23 

Figure 2.10 Possible flame retardant mechanism of PS composite containing AP ........ 28 

Figure 2.11 Thermal decomposition of APP and chemical interaction between APP and 

cured epoxy resin ............................................................................................................ 32 

Figure 2.12 Mechanism of reaction between APP and HNT and formation of 

aluminophophates ........................................................................................................... 36 

Figure 2.13 Possible flame retardant mechanism of APP and LDH in PVA ................. 38 

Figure 2.14 Thermo-physical response of glass fibre polymer composites during the fire  

and following extinguishment ........................................................................................ 42 

Figure 2.15 Tensile test at elevated temperatures setup ................................................. 43 

Figure 2.16 Schematic of the tensile test under one-sided heating situation .................. 44 

Figure 2.17 Normalised tensile strength (a) and modulus (b) of carbon, glass and hybrid 

composites ...................................................................................................................... 46 

Figure 3.1 Structure of the three roll mill machine ......................................................... 55 

Figure 3.2 Manufacturing process of fibre reinforced composites ................................. 56 

Figure 3.3 Density measurements of fibre reinforced composites in (a) air and (b) water 

according to Archimedes’ principle ................................................................................ 57 

Figure 3.4 Vertical burning test setup according to FAR 25.853 ................................... 60 

Figure 3.5 Composite specimen combustion in LOI test ................................................ 61 

Figure 3.6 Composite specimen under tension load ....................................................... 62 

Figure 3.7 Flexural test setup using a three-point bending rig ....................................... 63 

Figure 3.8 Combined loading compression test fixture, ASTM D6641 ......................... 63 



xii 

 

Figure 3.9 Short beam strength test configuration .......................................................... 64 

Figure 3.10 Drop-weight impact test setup ..................................................................... 65 

Figure 3.11 The furnace used for heating the composite specimens .............................. 65 

Figure 3.12 (a) Actual and (b) schematic tensile test setup at elevated temperatures .... 67 

Figure 4.1 Heat Release rate curves of epoxy resin and composites at 50 kW/m
2
 heat 

flux .................................................................................................................................. 71 

Figure 4.2 Images of (a) EPAPP and (b) EPAPPT samples after cone calorimeter 

experiments using a digital camera ................................................................................. 72 

Figure 4.3 Top surface of char after cone calorimeter tests for (a) EPFAPPT and (b) 

EPFAPP samples taken by a digital camera and their SEM images (c) and (d), 

accordingly ...................................................................................................................... 73 

Figure 4.4 Total smoke production of epoxy resin and composites during combustion

 ....................................................................................................................................... .74 

Figure 4.5 CO production curves of epoxy resin and composites during combustion  .. 75 

Figure 4.6 FTIR spectra of char after cone calorimeter tests for EPFAPP and EPFAPPT 

samples ............................................................................................................................ 76 

Figure 4.7 Photographs of vertical burning samples after tests: (a) EP, (b) EPAPP, (c) 

EPAPPT, (d) EPF, (e) EPFAPP, (f) EPFAPPT .............................................................. 77 

Figure 4.8 (a) TG and (b) DTG curves of EP, EPAPP and EPAPPT samples in a 

nitrogen atmosphere ........................................................................................................ 79 

Figure 4.9 SEM images of fractured cross-sections (tensile): (a, c) EPAPP and (b, d) 

EPAPPT .......................................................................................................................... 80 

Figure 4.10 SEM images of fractured cross-sections (tensile): (a) EPF and (b) 

EPFAPPT samples .......................................................................................................... 82 

Figure 5.1 Schematic illustrations of (a) LDH and (b) HNT .......................................... 85 

Figure 5.2 FTIR spectra of HNT, mHNT and LDH ....................................................... 88 

Figure 5.3 TEM images of (a) EP2LDH and (b) EP2HNT samples .............................. 89 

Figure 5.4 Heat release rate curves versus time of epoxy resin and nano-clay composites 

at 50 kW/m
2
 external heat flux ....................................................................................... 90 

Figure 5.5 Side views of (a) EP2LDH and (b) EP2HNT nano-clay composites after 

cone calorimeter tests ...................................................................................................... 91 

Figure 5.6 SEM images of char surface for (a) EP20A, (b) EP18A2HNT and (c) 

EP18A2LDH samples after cone calorimeter testing ..................................................... 93 



xiii 

 

Figure 5.7 Heat release rate curves as a function of time for fibre reinforced epoxy 

composites at 50 kW/m
2
 heat flux .................................................................................. 94 

Figure 5.8 Schematic illustrations of intumescent char formation process in (a) 

APP/LDH and (b) APP/HNT epoxy composites ............................................................ 96 

Figure 5.9 (a) TG and (b) DTG curves of pure epoxy, nano-particles and composites in 

nitrogen atmosphere ........................................................................................................ 97 

Figure 5.10 (a) TG and (b) DTG curves of fibre reinforced epoxy composites in 

nitrogen atmosphere ........................................................................................................ 98 

Figure 5.11 SEM images of tensile fractured cross-sections: (a) EPWF and (b) 

EPWFALDH samples ................................................................................................... 100 

Figure 6.1 (a) TG and (b) DTG curves of pure epoxy, fibres and composites in nitrogen 

atmosphere .................................................................................................................... 105 

Figure 6.2 Heat release rate curves of fibre reinforced epoxy composites at 35 kW/m
2

 ...................................................................................................................................... 106 

Figure 6.3 Mass loss curves of fibre reinforced composites during cone calorimeter tests 

at 35 kW/m
2
 .................................................................................................................. 108 

Figure 6.4 Side view photographs of cone calorimeter specimens after the experiments: 

(a) EPG, (b) EPF, (c) EPGAPP and (d) EPFAPP ......................................................... 108 

Figure 6.5 (a) Tensile strength and (b) tensile modulus of glass fibre epoxy composites 

at room and elevated temperatures ............................................................................... 111 

Figure 6.6 Glass fibre epoxy composites after failure under tensile load at 21 and 400 

ºC................................................................................................................................... 111 

Figure 6.7 (a) Tensile strength and (b) tensile modulus of flax fibre epoxy composites at 

room and elevated temperatures ................................................................................... 113 

Figure 6.8 Flax fibre epoxy composites after failure under tensile load at 21 and 250 ºC

 ...................................................................................................................................... 113 

Figure 7.1 (a) Impact energy vs. time and (b) impact force vs. deflection histories of 

glass fibre composites ................................................................................................... 119 

Figure 7.2 Glass fibre composites after impact tests: (a) front surface of unexposed 

EPG, (b) front surface of heat exposed EPG, (c) back surface of unexposed EPG and (d) 

back surface of heat exposed EPG ................................................................................ 120 

Figure 7.3 (a) Impact energy vs. time and (b) impact force vs. deflection histories of 

flax fibre composites ..................................................................................................... 121 



xiv 

 

Figure 7.4 Flax fibre composites after impact tests: (a) front surface of unexposed EPF, 

(b) front surface of heat exposed EPF, (c) back surface of unexposed EPF and (d) back 

surface of heat exposed EPF ......................................................................................... 122 

Figure 7.5 (a) Impact energy vs. time and (b) impact force vs. deflection histories for 

glass and flax fibre composites ..................................................................................... 124 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 

 

List of Tables 

 

Table 2.1 Classifications of materials in vertical burring test, ASTM D3801 ............... 14 

Table 2.2 Vertical burning test requirements, FAR 25.853 standard ............................. 15 

Table 2.3 The reported literature about the effects of flame retardant additives and 

heat/fire exposure on the performance of polymer composites ...................................... 49 

Table 3.1 Specifications of fibre reinforcements ............................................................ 53 

Table 3.2 Specifications of additives .............................................................................. 54 

Table 4.1 Compositions of epoxy resin composites ....................................................... 70 

Table 4.2 Cone calorimeter parameters of epoxy resin and composites under 50 kW/m
2
 

heat flux .......................................................................................................................... 71 

Table 4.3 UL-94 vertical burning results of epoxy resin and composites ...................... 77 

Table 4.4 TG and DTG data of epoxy resin and composites under nitrogen atmosphere

 ........................................................................................................................................ 79 

Table 4.5 Tensile and flexural properties of epoxy resin and composites ...................... 80 

Table 4.6 Compression and short beam strength of glass fibre reinforced epoxy 

composites ...................................................................................................................... 82 

Table 5.1 Compositions of manufactured epoxy composite samples ............................. 87 

Table 5.2 Cone calorimeter parameters, UL-94 and LOI results of epoxy resin and 

nano-clay composites ...................................................................................................... 90 

Table 5.3 Cone calorimeter data and results of UL-94 and LOI tests for fibre reinforced 

epoxy composites ............................................................................................................ 95 

Table 5.4 Tensile, flexural and compression properties of epoxy resin and composites

 ..................................................................................................................................... .100 

Table 6.1 Cone calorimeter results of fibre reinforced epoxy composites at 35 kW/m
2

 ...................................................................................................................................... 106 

Table 6.2 Vertical burning test results according to FAR 25.853 60 s ......................... 109 

Table 7.1 Flexural properties of unexposed and heat exposed composites .................. 117 

Table 7.2 Absorbed energy, maximum impact force and maximum deflection of 

unexposed and heat exposed composites ...................................................................... 124 

 



xvi 

 

Abbreviation Index 

 

ABS Acrylonitrile butadiene styrene 

AP Aluminium hypophosphate 

APP Ammonium polyphosphate  

BDP Bisphenol A bis(diphenyl phosphate) 

CE Cyanate ester 

CHP Cerium hypophosphate 

CLC Combined loading compression 

CSM Chopped strand mat       

DGEBA Diglycidyl ether of bisphenol A 

DTG Derivative thermogravimetric 

EA Epoxy acrylate 

EPDM Ethylene propylene diene monomer 

ESEM Environmental scanning electron microscope 

EVA Ethyl vinyl acetate 

FAA Federal Aviation Administration 

FAR Federal Aviation Regulations 

FTIR Fourier transform infrared spectroscopy 

HNT Halloysite nano-tube 

HRR Heat release rate     

KH-602 N-(β-aminoethyl)-γ-aminopropylmethyldimethoxysilane 

KSS Diphenylsulfone sulfonate 

LDH Layered double hydroxide                                       

LDPE Low density polyethylene 

LOI Limiting oxygen index 

MAPP Maleic anhydride grafted polypropylene 



xvii 

 

MATMP Melamine amino trimethylene phosphate 

MCA Melamine cyanurate 

MLR Mass loss rate 

MMT Montmorilonite 

MPP Melamine polyphosphate 

OSU Ohio state university 

OVS Octavinylsilsesquioxane  

PA Polyamide 

PA6 Polyamide 6 

PAN Polyacrylonitrile 

PBT Polybutylen terephthalate 

PC Polycarbonate 

PE Polyethylene                                                      

PEEK Poly-ether ether ketone  

PER Pentaerythritol 

P–His Hyperbranched polysiloxane 

PHRR Peak heat release rate 

PLA Polylactic acid 

P-MA N, N'-diamyl-p-phenylphosphonicdiamide 

PP Polypropylene                                                          

PPS Polyphenylene sulphide 

PPSQ Polyphenylsilsesquioxane 

PS Polystyrene 

PSS Polysilsesquioxane 

PUF Polyurethane foam  

PVA Polyvinyl alcohol 

SBI Single burning item 



xviii 

 

SEM Scanning electron microscope 

SPR Smoke production rate 

TBM Triazine-based macromolecule 

TEM Transmission electron microscope 

Tg Glass transmission temperature   

TG Thermogravimetric 

TGA Thermogravimetric analysis 

THR Total heat release 

TSP Total smoke production 

TSPB Tetra-spirophosphoryl-benzoguanamine 

TTI Time to ignition 

WLA-3 Poly(9-oxa-10-(2,5-dihydro-xyphenyl) phospha-phenanthrene-

10-oxide) phenylphosphonate 

 

 

 

 

 

 













 

Chapter 1                                                                                                        Introduction     

1 

 

Chapter 1 Introduction 

 

1.1 Background   

Epoxy resin has been used in a wide range of composites, coatings, adhesives and 

electrical applications due to its superior properties, namely excellent chemical and 

solvent resistance, high toughness and adhesiveness, high strength to weight ratio and 

dimensional stability [1, 2]. Fibre reinforced epoxy based composites are also widely 

employed in numerous industry sectors, including aerospace, transportation and 

construction. However, poor fire performance is one of the main disadvantages of 

epoxy resin, similar to other organic polymers [3, 4]. Upon exposure to heat and fire, 

epoxy resin decomposes and evolves toxic gases and flammable volatiles, which can 

mix with the oxygen and ignite at higher temperatures [5]. The flammable 

characteristics of epoxy resin and the associated fire risk and hazard can limit its 

extensive application, where higher flame resistance is required. Therefore, techniques 

need to be adapted to improve the flame retardancy of epoxy resin and its composites 

[6]. Various approaches have been implemented to impart flame retardancy to 

polymers, including epoxy resin. Applications of flame retardant additives have been 

reported as a common and effective method to reduce the flammability of polymers. It 

has been estimated that the global consumption of flame retardants would reach 2.8 

million tonnes in 2018 [7].  

In recent years, there has been an increasing interest toward the application of 

intumescent flame retardant systems [8]. Intumescence can be defined as the technology 

of flame retardancy through foaming of the flammable material and yielding an 

insulating barrier upon heat exposure. The advantages of the intumescent flame 

retardant systems are the effective fire protection and minimising the overall health 

hazard (evolution of smoke and toxic gases) [5, 8]. The intumescent additives are also 

halogen free and can be considered as environmentally friendly additives. Ammonium 

polyphosphate (APP) is one of the most effective and commonly used nitrogen and 

phosphorus containing flame retardants, Figure 1.1, to develop intumescent systems. 
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APP can enhance the flame retardancy of polymers through the combined charring and 

foaming of the burning polymer surface [9-11]. 

 

 

 

 

 

Figure 1.1 Chemical structure of APP 

 

A large number of research works have been conducted to improve the flame 

retardancy of epoxy resin. The potential of various types of flame retardants to enhance 

the fire and thermal properties of epoxy resin have been investigated [12-15]. However, 

the application of flame retardant additives may adversely influence the mechanical and 

physical properties of epoxy and this can affect the performance of the resin [5, 16]. 

Thus, it is important to maintain a balance between the fire and mechanical properties 

of the flame retardant epoxy composites. Until recently, most of the scientific attempts 

have dealt with fire properties of the epoxy resin in the presence of flame retardant 

additives and the influence of such additives on the mechanical properties has not been 

fully studied. In addition, the fibre reinforced epoxy composites used for engineering 

applications need to conform to the fire safety regulations and also maintain the 

acceptable mechanical performance. Therefore, the challenge of this research is to 

investigate flame retardant fibre reinforced epoxy systems, using flame retardant 

additives, with suitable mechanical properties. The effects of additives on the 

mechanical properties of the composites during and after heat exposure are also the 

importance of this work. 

1.2 Research Objectives 

In spite of having considerable research literature in the field of flame retardancy of 

epoxy composites, there are limited studies that have comprehensively evaluated the 
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effects of flame retardant additives on the fire and mechanical properties of composites. 

Therefore, the overall objectives of this research are to manufacture epoxy composites 

containing flame retardant additives and investigate the effects of additives on the 

performance of composites with regards to fire, emphasising on the thermal and 

mechanical properties. A series of sub-objectives to achieve the overall aim are laid 

down as follows:   

1. The combined effects of APP and talc on the flammability and mechanical properties 

of epoxy resin and epoxy/glass fibre composites are investigated. 

2. The effects two nano-clays, layered double hydroxide (LDH) and halloysite nano-

tube (HNT), on the fire and mechanical performance of epoxy composites are explored 

and compared.  

3. The tensile properties of glass and flax fibre epoxy composites are determined at 

elevated temperatures.    

4. The post-heating impact properties of the glass and flax fibre epoxy composites are 

evaluated. 

1.3 Brief Overview of the Thesis 

Chapter 1 of the thesis contains the background of epoxy resin flammability and 

application of flame retardants with the research objectives. Subsequent chapters have 

been organised in the following manner.  

Chapter 2 provides an overview of polymer composites and the test methods to evaluate 

their flammability. The chapter then elaborates various types of flame retardant 

additives for polymers and reviews the previous studies on the flammability and 

mechanical properties of polymer composites containing additives. Finally, a review of 

mechanical properties of fibre reinforced polymer composites exposed to heat and fire 

is given.  

Chapter 3 describes the experimental details of the thesis. The materials, composites 

manufacturing methods and the characterisation techniques to evaluate the fire, thermal 

and mechanical properties of composites are reported in this chapter.  
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Chapter 4 presents the combined effects of APP and talc on the fire and mechanical 

properties of epoxy composites, using a series of fire and mechanical test methods. The 

flammability and mechanical properties of epoxy resin and glass fibre composite 

containing the aforementioned additives are explored and compared to those of the 

composites filled only with APP.   

Chapter 5 compares the effects of LDH and HNT particles on the flammability of epoxy 

resin. In addition, the fire, thermal and mechanical properties of epoxy resin and 

epoxy/glass fibre composites in the presence of APP/LDH and APP/HNT additives are 

investigated and discussed in this chapter. 

In chapter 6, the tensile properties of glass and flax fibre epoxy composites, with and 

without APP, are experimentally determined at elevated temperatures. A customised 

test method, involving a combined tensile loading and heating inside an infrared gold 

image furnace, is implemented to investigate the degradation in tensile properties of the 

composites at high temperatures. 

Chapter 7 explores the post-heating impact properties of fibre reinforced epoxy 

composites. A comprehensive set of experiments is carried out to investigate and 

compare the effects of heat induced-damage on the impact performance of glass and 

flax fibre epoxy composites. Moreover, this chapter explains the effect of APP on the 

impact damage behaviour of the composites.   

Chapter 8 summarises all findings and novel achievements of this research. Finally, the 

recommendations for future work are provided. 
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Chapter 2 Literature Review 

 

This chapter provides an overview of wide varieties of flame retardant additives for 

polymers and reviews the available literature in the area of flame retardant polymer 

composites. It starts with a brief background of polymer composites and the techniques 

to measure their flammability. Then, the chapter elaborates the effects of flame 

retardant additives on the fire and thermal properties and also the mechanical 

performance of polymers and composites. Finally, the influences of heat and fire 

exposure on the mechanical and structural properties of composites are discussed. 

2.1 Polymers 

Polymers have been extensively used for various applications in recent years. The low 

cost, high productivity and ease of processing are the important reasons for the growing 

market of polymers. The mechanical properties of polymers can be improved by using 

fibre reinforcements to comply with the applications that require high mechanical 

strength/modulus [17, 18].  

2.2 Fibre Reinforced Polymer Composites  

Fibre reinforced polymer composites are widely used in many industry sectors, such as 

automotive, aircraft and marine. The increasing interest toward the polymer composites 

is due to their remarkable chemical, thermal, physical and mechanical properties [19]. 

One of the main advantages of polymer composites over the conventional metallic 

materials is their lower densities and resulting higher specific mechanical properties for 

structural applications. In addition, the higher fatigue damage tolerance and better 

flexibility for design can be considered as the merits of the polymer composites in 

comparison to the metallic materials. Excellent corrosion resistance and dimensional 

stability also are the desirable characteristics of polymer composites for industrial 

purposes [20]. However, polymer composites suffer from poor fire performance due to 

the hydrocarbon structure of the polymer matrix. When polymer composites are 

exposed to fire, the thermal decomposition of the polymer matrix can lead to heat and 
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smoke releases and hence, increasing fire risk. Moreover, the decomposition of the 

polymer matrix can affect the structural integrity of the composite and consequently 

cause unexpected failure [4, 19, 21]. Therefore, improving the flame retardancy of 

polymers and composites is necessary and important in order to meet the strict fire 

safety requirements of different industries that may use polymer composites. There 

have been research efforts to develop techniques to enhance the fire resistance of 

polymers and composites. A flame retardant polymer ideally has a high ignition and 

flame propagation resistance, a low combustibility and toxicity of combustion gases, 

and a low smoke production rate [22].   

The main constituents of polymer composites are the polymer matrix and the 

reinforcing fibres. The polymer matrix generally bonds the fibres together and transfers 

the load between them, while the fibres are the main load-carrying members [20, 23]. 

Different types of polymer matrices and fibre reinforcements are discussed in the 

following sections before introducing methods to measure and improve the fire 

resistance of composites. 

 Polymer Matrix 2.2.1

2.2.1.1 Thermoset Matrix 

Thermoset polymers are made of polymer molecules, which are chemically joined 

together and form a three dimensional network. Hence, these cross-linked molecules do 

not show any melting point upon heating. However, they can soften before 

decomposition at elevated temperatures. Thermoset polymers such as epoxy, polyester, 

vinyl ester and phenolic resins are commonly used to manufacture continuous and long 

fibre reinforced composites since their low viscosity facilitates the fibres wet-out and 

processing [20]. Epoxy resin has excellent chemical and solvent resistance, low 

shrinkage during cure and good adhesiveness properties [20]. The mechanical 

properties of epoxy resin are higher than those of the polyester and vinyl ester resins 

and due to this reason, it is mainly used as the thermoset matrix for aerospace 

application [24]. Polyester resin is also used for composite applications because of the 

relatively low price, ease of processing and reasonable environmental durability [19]. 

Vinyl ester and polyester resins have similar chemical structures. However, vinyl esters 

contain fewer ester linkages and have higher hydrolysis resistance, which makes them 
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suitable for marine applications [16]. Phenolic resin is an inherently heat and fire 

resistant polymer and used for the high-temperature applications, such as manufacturing 

aeronautical and aerospace vehicles. The main drawbacks of phenolic resins are the low 

toughness and production of water during the curing process [5, 25]. 

2.2.1.2 Thermoplastic Matrix   

In thermoplastic polymers, the molecules are bonded with each other by weak 

secondary bonds and therefore, these polymers can be melted and reshaped by the 

application of heat. The common thermoplastics used in the composite products are 

polypropylene (PP), polyethylene (PE), polyamide (PA) and poly-ether ether ketone 

(PEEK). PP can be used for cost-effective and fast manufacturing processes and is the 

most widely used thermoplastic for composite applications [19]. PE has also low price 

and excellent chemical resistance and can be processed by different manufacturing 

processes, including extrusion, injection and blow mouldings [26]. PA possesses 

favourable characteristics, namely wear resistance, low friction and high melting point 

and it is widely used for engineering applications and textile industry [27]. PEEK is a 

known thermoplastic for high thermal stability. The melting temperature of PEEK (380 

ºC) is higher than those of other thermoplastics, so it is applied in high-temperature 

applications [19].   

2.2.1.3 Thermosets versus Thermoplastics 

Thermoset polymers are the main matrix materials used for composite products, even 

though thermoplastics are also utilised for some applications. The advantages of 

thermosets over thermoplastics are their lower creep and stress relaxation as well as 

higher thermal and chemical resistance. On the other hand, thermoplastics exhibit 

higher impact and fracture resistance compared to those of the thermosets. In spite of 

the advantages of the thermoplastic polymers, their application in continuous fibre 

reinforced composites is still limited, since they have high melt or solution viscosity 

[20].  

The behaviour of thermoset and thermoplastic polymers during the heat and fire 

exposures are quite different. During the initial stage of the heat exposure, the linear 

polymer chains of thermoplastics start to move against each other leading to melting 

and flowing. On the contrary, the cross-linked molecular structure of the thermosets 
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prohibits the melting and dripping of the polymer. At higher temperatures, both types of 

polymers decompose and evolve the volatile products, as a result of the chain scission. 

The decomposition takes place at higher temperatures for thermosets compared to those 

of the thermoplastic polymers because of the structural differences [5].   

 Fibre Reinforcement 2.2.2

Fibres are responsible for providing composites with excellent mechanical properties 

since they are the main load-bearing constituent of the fibre composites [28]. Fibres, in 

general, are divided into two groups of synthetic and natural fibres. 

2.2.2.1 Synthetic Fibres  

Glass, carbon and Kevlar fibres are the commonly used synthetic reinforcing fibres in 

the composite materials. These fibres are applied in different forms, including 

unidirectional, roving, fabric and chopped strand mat (CSM). Unidirectional fibres are 

the preferred fibre form for high-performance composites, while the chopped fibres are 

ideal for high volume applications. Fibres in fabric form are common for most of the 

composite applications [16]. Glass fibre is mainly made of silica (SiO2) and it is a 

chemically inert material. Glass fibres are categorised, according to their physical 

properties, to E-glass (electrical), C-glass (chemical), A-Glass (alkali), S-glass (high 

strength) [16]. E-Glass fibres are the most world-widely used fibres in the field of 

composites since they have a relatively low price, high tensile and compression 

strengths and good processability [28]. Carbon fibres are produced by the thermal 

treatment of an organic precursor and the most commonly polyacrylonitrile (PAN). 

They are the predominant fibres for manufacturing high-performance composites 

because of their high strength and modulus. In addition, carbon fibres possess high 

fatigue, creep and corrosion resistance and are widely used in aerospace applications. 

However, the impact resistance of carbon fibres is lower than those of the glass fibres 

[16, 28]. Kevlar fibres are the common type of aramid fibres based on aromatic 

polyamide. Kevlar fibres have lower densities compared to those of glass and carbon 

fibres and therefore, they provide higher specific strength and modulus [5]. Excellent 

toughness can be considered as an advantage of Kevlar fibres. However, Kevlar fibres 

have poor compression performance due to an anisotropic structure [28]. 
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Glass fibres are inorganic and non-combustible materials. However, they can be 

softened and melted at very high temperatures (above approximately 830 ºC for E-

glass) and this reduces their mechanical performance. Carbon and Kevlar are organic 

based fibres and hence, they have poor oxidation resistance at elevated temperatures 

[16]. The PAN based carbon fibres start to oxidise at 350 ºC, while the glass transition 

temperature of aramid fibres is around 300 ºC [19]. Therefore, glass fibres possess the 

highest thermal stability.  

2.2.2.2 Natural Fibres   

There is an increasing trend to utilise natural fibres, as the replacement of synthetic 

fibres, in the composites field due to the environmental sustainability. The 

environment-friendly bio-based fibres are recyclable (completely or partially) and can 

be used for manufacturing the “green composites” [29-31]. Along with 

biodegradability, natural fibres are relatively cheap, renewable and non-abrasive. The 

lower densities of natural fibres compared to those of the synthetic fibres provide them 

with the higher specific mechanical properties. Therefore, natural fibre reinforced 

composites have been widely applied in various industries, such as aerospace, marine, 

transportation and construction [32, 33]. Natural fibres may be divided according to 

their origins: plants, animals and minerals. Plant fibres are commonly classified into six 

categories: bast fibres (jute, flax, hemp, ramie and kenaf), leaf fibres (abaca, sisal and 

pineapple), seed fibres (coir, cotton and kapok), core fibres (kenaf, hemp and jute), 

grass and reed fibres (wheat, corn and rice) and all other types (wood and roots) [34]. 

The main components of all natural fibres are cellulose, hemicellulose and lignin. 

However, the amounts of these three can differ according to the fibre type and species. 

Cellulose is a crystalline and hydrophilic glucan polymer (containing hydroxyl groups) 

and hence, all natural fibres are hydrophilic in nature. The mechanical properties of 

natural fibres are varied due to the different polymerisation degrees of cellulose that is 

the stiffest and strongest constitute of natural fibres [32]. Natural fibres exhibit a higher 

elongation at break point relative to those of carbon and glass fibres, which can improve 

the performance of the natural fibre reinforced composites [35]. Moreover, the low 

thermal conductivity (0.29-0.32 Wm
-1

K
-1

) of natural fibres makes them good thermal 

insulators [36, 37]. 
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Natural fibres are generally flammable and the addition of these fibres to polymers may 

adversely influence the fire performance of the resultant composites [38]. Among the 

cellulosic fibres, the fibres with higher cellulose content tend to be more flammable. On 

the contrary, the lignin of natural fibres contributes more to char formation than the 

other constituents [39, 40]. Overall, the thermal stability and flame retardancy of natural 

fibres are lower than those of their synthetic counterparts [41] and this needs to be 

addressed for further development of natural fibre reinforced composites [42].  

2.3 Test Methods to Measure the Flammability of Polymer 

Composites 

It is necessary to assess the fire resistance of polymer composites for most of the 

industrial applications. The composite manufacturers need to assure that their products 

comply with the fire safety regulations of the specific applications. The standard test 

methods to characterise the fire reaction properties and fire resistance of composites are 

discussed below.  

 Cone Calorimeter Test  2.3.1

Cone calorimeter is a frequently used bench-scale testing device to determine the fire 

reaction properties of materials. Measuring the fire reaction properties of composites, 

such as time to ignition (TTI), heat release rate (HRR) and its peak, oxygen index and 

surface spread of flame, is important since they highly influence the start and growth of 

the fire. The cone calorimeter is capable of providing a large number of qualitative data, 

regarding the fire behaviour of a material, in a single test using a small specimen. In the 

cone calorimeter test, the HRR and the values of average and peak heat release rate 

(PHRR) from the test sample are accurately measured based on the oxygen 

consumption. Other parameters, including TTI, mass loss rate (MLR), smoke 

production rate (SPR), total heat release (THR), total smoke production (TSP), CO and 

CO2 yields, are also measured using this technique. The flame spread rate is the only 

fire reaction property which cannot be determined with cone calorimeter. The output 

data of the cone calorimeter can be used for comparative evaluation of fire performance 

of different materials, regulatory compliance and also as input data for fire models [42]. 
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ASTM E1354 and ISO 5660 are the two main standards to perform the cone calorimeter 

test [19, 43].     

The main components of a cone calorimeter instrument, as shown in Figure 2.1, are a 

conical radiant electric heater and an igniter, a load cell and a sample holder, an exhaust 

gas system with flow measuring instrumentation and a data collection and analysis. In 

the cone calorimeter test, the specimen is irritated by the conical heater at a constant 

and controlled heat flux of 0 to 100 kW/m
2
. The combustion of the sample can be 

initiated using an external spark igniter and the mass loss of the sample can be 

monitored during the test by the load cell. The oxygen consumption is precisely 

measured during the test for heat release determination using a paramagnetic oxygen 

analyser. A helium-neon laser photometer system with a split beam and silicon 

photodiode detectors is also used to measure the smoke generation in the exhaust 

stream [19]. The cone calorimeter test can be performed in the vertical or horizontal 

position of the sample, Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic view of cone calorimeter [44] 
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Figure 2.2 Vertical and horizontal positions of sample in cone calorimeter tests, modified from [19] 

 

 Ohio State University Calorimeter Test 2.3.2

Ohio state university (OSU) calorimeter is another testing tool to measure the HRR of 

composites during combustion. The OSU apparatus, Figure 2.3, consists of a vertical 

radiant heating source, facing the specimen, inside a heating chamber that is designed to 

be adiabatic. The heating source is composed of four silicon carbide heating elements. 

An ignition pilot can be used to initiate the combustion. The specimen is subjected to a 

constant heat flux up to 80-100 kW/m
2
 during the test. However, most of the tests are 

performed at 35 kW/m
2
 heat flux and the sensible enthalpy rise method is used to 

determine the HRR. A photometer positioned above the combustion chamber can also 

be used to measure the smoke released from the specimen. The specimen can be tested 

in the vertical or horizontal position, although, testing in the horizontal orientation is 

not common and recommended. The OSU calorimeter test is carried out according to 

ASTM E906 and has been adopted to evaluate the fire safety of aircraft cabin materials 

by the Federal Aviation Administration (FAA) [19, 45]. 

Spark Igniter 

Spark Igniter 

Cone Radiant Furnace Cone Radiant Furnace 



 

Chapter 2                                                                                               Literature Review     

 

13 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Ohio state university calorimeter apparatus [45] (Reproduction with permission from 

Springer) 

 

 Vertical Burning Test 2.3.3

Vertical burning test is a small scale laboratory method to assess the flammability of 

solid polymeric materials. The burning characteristics of a sample held in the vertical 

position are measured using a direct flame from a Bunsen burner. ASTM D3801 and 

Federal Aviation Regulations (FAR 25.853) are the standard test methods to perform 

the vertical burning test. 

According to ASTM D3801 (equivalent to UL-94), the flammability of a vertically 

clamped specimen is determined by two applications of a Bunsen burner flame on its 

bottom edge for 10 s. A set of five specimens for each composition type are tested in 

accordance with the standard testing setup, Figure 2.4. The specimens are classified 

according to the flame extinguishment time after the first 10 s flame application, t1, the 

flame extinguishment time after the second flame application for 10 s, t2, afterglow time 

after the second flame application, t3, and dripping behaviour. The specimens are 

categorised into V-0, V-1, V-2 ratings or NR (no rating), based on the criteria provided 

by the standard, Table 2.1. 
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Figure 2.4 Vertical burning test setup in ASTM D3801 

 

Table 2.1 Classifications of materials in vertical burring test, ASTM D3801 

Criteria Conditions V-0 V-1 V-2 

Afterflame time for each individual specimen, t1 or t2 ≤ 10 s ≤ 30 s ≤ 30 s 

Total afterflame time for any condition set (t1 plus t2 for the five 

specimens) 
≤ 50 s ≤ 250 s ≤ 250 s 

Afterflame plus afterglow time for each individual specimen after 

the second flame application (t2 + t3) 
≤ 30 s ≤ 60 s ≤ 60 s 

Afterflame of afterglow of any specimen up to the holding clamp No No No 

Cotton indicator ignited by flaming particles or drops No No Yes 

 

The FAR 25.853 (12 and 60 s flame applications) standard designed by FAA can also 

be followed to carry out the vertical burning test. This test method evaluates the flame 

resistance of aircraft interior parts and materials. According to the test procedure, the 

specimen is inserted into the specimen holder and vertically located 19 mm above the 

top of a Bunsen burner orifice in a draft free chamber. A 12 or 60 s flame of the burner 

is applied to the bottom edge of the specimen and the flame extinguishing time, 

afterglow and drip extinguishing times, and the burn length are recorded. Three 

specimens per set of sample are tested to report the average values. The minimum test 

requirement values for FAA acceptability are presented in Table 2.2.  
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Table 2.2 Vertical burning test requirements, FAR 25.853 standard 

Flame Application 

Time 

(s) 

Average Flame 

Extinguish Time 

(s) 

Average Burn 

Length 

(mm) 

Average Drip 

Extinguish Time 

(s) 

12 15 203.2 5 

60 15 152.4 3 

 

 Limiting Oxygen Index Test 2.3.4

Limiting oxygen index (LOI) test is a technique to measure the relative flammability of 

different materials. The LOI test determines the lowest concentration of oxygen to 

support the candle-like combustion of a material in a flowing mixture of oxygen and 

nitrogen gases. Materials with higher LOI values, in percent volume, need more oxygen 

concentrations to support their combustions and hence, they have lower flammability. 

The LOI apparatus, Figure 2.5, generally consists of a transparent and heat resistance 

glass chimney, a specimen holder, a gas measurement system and control device and a 

flame igniter. Oxygen and nitrogen are mixed and pumped into the base of the chimney 

from the gas suppliers. These two gases pass through a layer of glass beads prior to 

entering the main test chamber for a homogeneous mixing. The oxygen concentration 

inside the chimney is measured by a needle valve or paramagnetic oxygen cell. The gas 

mixture flows into the chimney while the test specimen is held by the specimen holder 

in the centre and bottom part of the chimney. A flame igniter is used on the top edge of 

the specimen to initiate the ignition. ASTM D2863 and ISO 4589-2 are the standard test 

methods for the LOI test [19].  
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Figure 2.5 Limiting oxygen index apparatus 

 

 

 Single Burning Item Test 2.3.5

The Single burning item (SBI) test is an intermediate-scale test method to simulate the 

practical hazard of a burning item in a room corner scenario. This test has been 

basically designed to evaluate the fire reaction properties of the European construction 

products, including composite items and excluding floor covering, in accordance with 

the SBI protocol (EN 13823). The SBI test setup is presented in Figure 2.6. The test 

specimen consists of two wall panels of 1.5 m high (one with 1 m width, but the other 

one is 0.5 mm wide) made of the test material. The panels are mounted in a specimen 

holder at 90 º angle to form an open corner. The specimen is subjected to the flame of a 

triangular-shaped diffusion propane gas burner positioned in the corner for 20 min 

during the test [46]. The maximum heat flux and mean flame height of the burner are 

approximately 35 kW/m
2
 and 0.8 m, respectively. The test is performed in a fire room 

equipped with an insulated hood and exhaust duct to collect the combustion products. 

Sensors in the duct are used to continuously measure the temperature, air flow rate, 

smoke density and gas composition (oxygen, CO and CO2). The HRR of the specimen 

during the test is determined according to oxygen consumption principle (similar to 

cone calorimeter test) [45, 47]. The TTI and flame spread rate are measured by 
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observing the response of the specimen to fire. Moreover, it is possible to evaluate and 

determine the structural capacity of the wall panels during the fire exposure by applying 

compression loads during the test [19].           

 

 

 

 

 

 

 

 

 

Figure 2.6 Single burning item test setup [47] 

 

 Room Calorimeter Test 2.3.6

The room calorimeter test is the largest fire test to assess the fire reaction and fire 

resistive properties (such as burn-through rate and heat penetration through walls) of 

composite structures. ISO 9705 and ASTM E603-98 are the standards to conduct the 

room fire calorimeter test and Figure 2.7 shows the schematic diagram of the test. The 

large test composite panels are mounted in the side and back walls and the ceiling of the 

room test. The doorway and the floor are the only uncovered surfaces with the test 

panels. A propane burner positioned on the corner of the back and a side wall initiates 

the fire and a fume extraction hood right outside the doorway is used to the collect all 

heat, smoke and fumes during the combustion process. The exhaust system is equipped 

with oxygen, smoke and CO/CO2 analysers to measure the HRR, smoke and CO/CO2, 

respectively. Moreover, the increasing temperature and flashover conditions during the 

test are monitored using thermocouples placed throughout the room [19, 48]. The room 
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fire test is more reliable than the small and bench-scale test methods to evaluate the fire 

performance of the composite materials.     

 

 

 

 

 

 

 

 

Figure 2.7 Schematic diagram of the room fire calorimeter [49] (Reproduction with permission from 

Springer) 

 

Overall, it should be highlighted that the full scale fire test methods provide more 

realistic data regarding the fire performance of large composite structures. However, 

these tests are costly and time consuming. On the other hand, the bench scale tests are 

simple and cheaper to perform and can give an overview of the flammability of 

materials, but the conditions of the tests might be different from the actual fire 

scenarios. Application of the composites is also an important factor to select the 

relevant and appropriate test methods for assessing their fire behaviour.   

 

2.4 Techniques to Impart Flame Retardancy to Polymer 

Composites 

As mentioned earlier, a major challenge to extend the applications of polymer 

composites is enhancing their flame retardant properties. There are three main 

approaches to improve the flame retardancy of polymers and composites, which are 
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using inherent flame retardant polymers, chemically modifying the existing polymers 

and application of flame retardant additives. The first method is limited to the use of 

specific inherently heat and fire resistant polymers (such as phenolic resins and 

polyimides). In addition, these polymers have high costs of production and process. The 

second technique involves incorporating the fire retardant species (such as phosphorus 

and silicone compounds) in the backbone of polymer via grafting or copolymerisation 

and this method might be also difficult to be used in the large scale [50, 51]. The 

incorporation of flame retardant additives is the commonly used and preferred approach 

to reduce the flammability of composites since it provides an acceptable balance 

between the cost and performance [50]. The flame retardant additives can be used in the 

composites or as a protective coating on their surface. A wide variety of flame retardant 

additives have been developed for polymers and their composites, which are discussed 

in the following sections. 

2.5 Flame Retardant Additives 

Flame retardant additives are the compounds that contain flame retardant elements 

(such as antimony, aluminium, phosphorus, bromine and chlorine) and physically 

mixed with the polymers and composites during processing [52]. Flame retardant 

additives are generally divided into halogenated and halogen free additives. It is 

necessary to understand the combustion process of polymers, before considering the 

flame retardant mechanisms of different additives. It is known that heat, oxygen and 

combusting material (fuel) are the required components of any combustion. When a 

polymer is exposed to flame or a heat source, it reaches the pyrolysis temperature 

because of the temperature rise. At the pyrolysis temperature, the polymer decomposes 

to some solid char, liquid products and some flammable and non-flammable gases. As 

the temperature increases, the flammable volatiles mix with oxygen of the environment 

and start to combust at the combustion temperature. The combustion leads to producing 

high amounts of heat and smoke and the heat may feedback to the main flame and helps 

the continuation of this cycle [53]. In the case of polymer composites, the thermal 

degradation and combustion of the reinforcing fibres also may affect the overall 

combustion of the composites. Figure 2.8 shows the schematic diagram of the polymer 

composite combustion process.   
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Figure 2.8 Schematic diagram of polymer composite combustion process, modified from [5, 54] 

 

The combustion cycle of polymers can be disrupted or inhibited by the incorporation of 

different additives during different stages (such as heating, decomposition, ignition or 

flame spread). Flame retardant additives, based on their nature, chemically and/or 

physically act in the solid, liquid or gas phase to suppress the flaming combustion. 

Additives physically can retard or delay the combustion process through three modes of 

cooling effect, fuel dilution and formation of a protective layer. In some cases, additives 

(such as metal hydroxides) decompose in an endothermic mode and reduce the 

temperature of the polymer below the required temperature for sustaining the 

combustion process. There are also additives that release non-flammable gases (such as 

H2O, CO2 and NH3) upon their decomposition. These inert and non-flammable gases 

dilute the concentration of oxygen and combustible gases and hence, limiting the 

possibility of polymer ignition. Moreover, the decomposition of some additives (such as 

phosphorus compounds) leads to the formation of a solid char. The char acts as a 

physical barrier and reduces the heat and mass transfer between the gas and condensed 

phases and thus, decreasing the combustion rate of the polymer [50, 53].  

The combustion process can also be interfered with the chemical action of the additives. 

The most significant chemical reactions take place in the condensed and/or gas phase. 

In the condensed phase, two types of reactions can occur, first, the flame retardant 

additives accelerate chains scission of the polymer and consequently the polymer drips 

and moves out of the flame action zone. Alternatively, the degraded polymer chains can 

be chemically transformed by the additives and yield a carbonised (or ceramic-like) 
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layer on the surface of polymer. This layer can act as a protective barrier against further 

combustion. The flame retardant additives can also release special free radicals (such as 

Cl• and Br•) and stop the free radical mechanism of the combustion process in the gas 

phase. These free radicals can react with the highly reactive radicals (such as H• and 

OH•) from the polymer decomposition and decrease the concentration of flammable 

gases [55, 56].  

 Halogenated Flame Retardant Additives 2.5.1

Halogen containing flame retardants (such as chlorinated and brominated additives) 

have been used to reduce the flammability of polymers for the last few decades due to 

their high efficiency and low cost. The flame retardant action of these additives mainly 

occurs in the gas phase as they produce highly active halogen radicals during the 

decomposition. However, production of toxic smoke and fumes during the fire is the 

main concern about the application of halogenated additives [57]. Therefore, there have 

been attempts and research to replace the halogen containing additives by the 

environment friendly halogen free flame retardant additives in recent years [56, 58, 59].  

 Halogen Free Flame Retardant Additives 2.5.2

Halogen free flame retardant additives can be classified into different groups based on 

the contained flame retardant elements. These additives can impart flame retardancy to 

polymers according to different mechanisms.  

2.5.2.1 Metal Hydroxides    

Metal hydroxides (such as aluminium hydroxide, Al2O3.3H2O, and magnesium 

hydroxide, Mg(OH)2) can be considered as retardant additives with the advantages of 

availability, low price and non-toxicity. The highly endothermic decomposition of these 

additives cools down the solid or condensed phase. Simultaneously, the release of water 

vapour into the gas phase during the decomposition process can dilute the oxygen and 

flammable volatiles. Moreover, the metal oxides residues form a physical shield on the 

surface of polymer, which protects the underlying material from further decomposition. 

However, very high loadings of the metal hydroxides (~30–60%) are required to 

achieve the desirable flame retardancy and this can affect the physical and mechanical 

properties of the end product [13, 60].     
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2.5.2.2 Silicon Based Flame Retardant Additives 

Silicon compounds, in relatively low contents, can enhance the flame retardancy of 

polymers. These additives are available in the form of silicones, silicas, organosilicates, 

silsesquioxanes and silicates. The flame retardant mechanism of the silicone 

compounds is generally explained by the formation of a protective surface layer in the 

condensed phase during the fire [56, 61].   

2.5.2.3 Phosphorus Based Flame Retardant Additives 

Phosphorus based flame retardant additives are the most important replacements for the 

halogenated flame retardants. Phosphates, phosphonates, phosphinates, phosphine oxide 

and red phosphorus are different forms of phosphorus based additives. The efficiency of 

these additives is higher when they are used in oxygen or nitrogen containing polymers. 

The chemical reactions between these additives and polymer in the condensed phase 

provide the protective char to improve the flame retardancy of the polymer. There are 

also special conditions, which the phosphorus containing additives are able to volatilize 

and produce active radicals in the gas phase to suppress the combustion process [56, 

62]. 

2.5.2.4 Nitrogen Based Flame Retardant Additives 

Nitrogen containing flame retardant additives are mainly derivatives of ammonia or 

melamine. They primarily decompose in an endothermic mode and release considerable 

amounts of non-flammable gases (such as nitrogen and ammonia) in the gas phase. 

However, there are special nitrogen based additives that are active in the condensed 

phase and react with the polymers. The condensed phase action of these additives leads 

to intensive char formation or decomposition of polymer [63].  

2.5.2.5 Intumescent Flame Retardant Systems 

The intumescence in the flame retardancy of polymers relies on the formation of a 

foamed carbonised char on the surface of polymer during thermal decomposition. This 

char layer acts as a shield and protects the under-layers of heat and flame, Figure 2.9. 

The ingredients of an intumescent system typically are an acid source (char former), a 

carbonisation agent and a blowing agent. When an intumescent system is exposed to a 

heat source or flame, the inorganic acid from the decomposition of the acid source 
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esterifies the carbon-rich component. The esterification process leads to the formation 

of a carbon-inorganic char. The released gases mainly from the decomposition of the 

blowing agent cause the carbonised char to expand and swell. The intumescent systems 

are effective flame retardant additives to reduce the flammability and smoke production 

of the flammable materials. Polymers are carbon-rich materials and hence, it is possible 

to make an intumescent system by the addition of the acid source and blowing agent. 

Phosphorus based additives (such as APP) are the common acid source for polymers, 

while the melamine and nitrogen compounds are used as the blowing agent [64, 65].    

 

Figure 2.9 Intumescent char formation in polymers to reduce flammability [66] (Reproduction with 

permission from Wiley) 

  

2.5.2.6 Micro and Nano-Sized Fillers as Flame Retardant Additives      

There are special inert fillers (such as calcium carbonate, talc and kaolin) which can 

enhance the flame retardancy of polymers through different mechanisms. The addition 

of these non-flammable fillers, in a large amount, to the host polymer reduces the 

burning mass and flammability of the polymer. Absorbing heat (heat sink) and 

formation of the protective surface layer by the fillers are the other mechanisms to 

improve the flame retardancy of polymers [52, 67]. In addition, the incorporation of 

nano-sized particles (such as nano-clays) into the polymers can be another technique to 

decrease the flammability. The presence of these nano-particles in the polymer matrix 

can increase the thermal stability and reduce the HRR (a representative of combustion 

behaviour) of the polymer [68-71]. However, the fillers and nano-particles are not as 

effective as the flame retardant additives to enhance the fire performance of polymers. 
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Therefore, these fillers are mostly used in combination with other flame retardant 

additives.   

2.6 Effects of Halogen Free Flame Retardant Additives on 

Flammability and Thermal Properties of Polymer 

Composites 

 Metal Hydroxides 2.6.1

There have been lots of efforts to modify the fire properties of different polymers by the 

incorporation of metal hydroxides. Mg(OH)2 and Al2O3.3H2O are the most important 

metal hydroxides used as flame retardant additives for industrial applications. Hao et al. 

[72] investigated the effects of Mg(OH)2 on the flame retardant properties of 

unsaturated polyester resin using the cone calorimeter test. They added Mg(OH)2 at 35, 

45 and 55 wt% of the resin and reported that the PHRR, smoke emission and MLR of 

the polymer significantly reduced in the presence of Mg(OH)2. They mentioned that the 

Mg(OH)2 decomposed to magnesium oxide (MgO) and water vapour during the heat 

exposure. The MgO could enhance the formation of the protective layer on the surface 

of the sample and improve the flame retardancy and simultaneously, the water vapour 

diluted the volatiles and fuel. The best flame retardant performance was achieved for 

the composite containing 55 wt% Mg(OH)2, while that the compatibility between the 

polymer and additive reduced at the high loading level of additive. In another work, 

Liang and Zhang [73] incorporated 10-50 parts per hundred resin (phr) of Al2O3.3H2O/ 

Mg(OH)2 (1:2 weight ratio) into PP and observed that the flame retardancy (in terms of 

LOI and burning velocity) of the composites improved by the increment of the filler 

content. They also concluded that increasing the filler particle size reduced the LOI 

values, but increased and then decreased the burning velocity of the composites. 

Moreover, the flame retardancy synergy between the Al2O3.3H2O/ Mg(OH)2 and zinc 

borate was reported.     

In the case of fibre reinforced composites, El-Sabbagh et al. [74] observed that the 

flame retardancy and thermal stability of flax fibre reinforced PP composites improved 

by an addition of 20-30 wt% Mg(OH)2. It was particularly reported that the 

incorporation of 30 wt% Mg(OH)2 into 50 wt% flax fibre/15 wt% PP/5 wt% maleic 
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anhydride grafted polypropylene (MAPP) composite resulted in the LOI value of 27.1, 

but no rating in the UL-94 vertical burning test, even though the composite burnt out at 

a slow rate without dripping in the horizontal burn test. More recently, other research by 

the same group showed that the V-0 vertical burning rate was achieved in 30 and 50 

wt% flax fibre PP composites using 40 wt% fine particle size Al2O3.3H2O, whereas 60 

wt% of the larger particle of Al2O3.3H2O was required to obtain the same rating [75]. 

The Al2O3.3H2O with the fine particle size also demonstrated the better cone 

calorimeter results (late ignition time, reduced HRR and shorter TTI). According to the 

above results, metal hydroxides are effective flame retardant additives if they are used 

at a high content (30-60 wt%) and this high loading level may affect the other 

properties of the final composite.  

 Silicon Based Flame Retardant Additives 2.6.2

Silicon based compounds are another group of halogen free flame retardant additives, 

which have attracted research attention. Fina et al. [76] investigated the effects of 

polysilsesquioxane (PSS), as a silicon containing additive, on the combustion and 

thermal properties of PP composites. The PSS was added to the matrix to achieve 1.5 

and 5 % fraction of inorganic Si─O and the results showed the higher thermal stability 

and lower combustion rate along with a slight increase in LOI values of the composites 

compared to those of the pure PP sample. The formation of a ceramic superficial layer, 

which protected the underlying material from combustion and degradation, was 

reported as the reason for improving the fire and thermal properties of the composites. 

However, the fire behaviour of the composites was not satisfactory to meet the severe 

requirements of electrical, building and transportation industries. In another work done 

by Chao and Gao [77], the flame retardancy and thermal properties of polycarbonate 

(PC) in the presence of 1 wt% synthesised octavinylsilsesquioxane (OVS) were 

evaluated. The composite showed 29.4 LOI value and V-0 rating accompanied by 

significant reduction of HRR and THR compared to those of the pure polymer. The 

enhanced thermal stability of the polymer containing OVS also was demonstrated. It 

was suggested that the siloxane derivatives or silyl radicals (from the decomposition of 

OSV) could react with PC and yield a continuous and compact char on the surface of 

the composite to protect the combustible underlying substrate. This char formation 

process was responsible for improving the flame retardancy and retarding the mass loss 
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rate of the PC composite at high temperatures. The similar flame retardancy 

enhancement of ethylene propylene diene monomer (EPDM) by the addition of 4.8 

wt% polyphenylsilsesquioxane (PPSQ) was observed, even though a little effect of the 

additive on the thermal properties of EPDM was reported [78].  

The silicon based additives can be combined with other flame retardant additives, 

including phosphorus and nitrogen compounds, to achieve the superior flame 

retardancy. For example, Yuan et al. [79] synthesised a novel additive (PSiN) 

containing silicon and nitrogen using N-(β-aminoethyl)-γ-

aminopropylmethyldimethoxysilane (KH-602) and diphenylsulfone sulfonate (KSS) 

and added to PC. They reported that the addition of 1 wt% PSiN and 0.5 wt% KSS to 

PC resulted in V-0 rating and 46 LOI value along with enhancing the thermal properties 

of the polymer. The scanning electron microscope (SEM) analysis of the chars after 

LOI tests indicated the surface of the char was denser and tighter for the PC/KSS/PSiN 

composite than those of the PC/KSS and PC systems. Similarly, the synergistic effects 

of silicon-aluminium and silicon-phosphorus compounds in the flame retardancy of 

epoxy resin and PC, respectively, were also concluded in the past works [80, 81]. 

Overall, the current literature demonstrates that the flame retardancy of silicon based 

additives varies depending on the chemical structure of the compounds and the 

targeting polymer matrix.  

 Phosphorus Based Flame Retardant Additives 2.6.3

Different types of phosphorus containing flame retardant additives are increasingly used 

as a replacement for halogen based additives to tailor the flame retardant properties of 

polymers. Of these, Wei et al. [82] introduced a phosphorus containing flame retardant 

additive, poly(9-oxa-10-(2,5-dihydro-xyphenyl) phospha-phenanthrene-10-oxide) 

phenylphosphonate (WLA-3), to polylactic acid (PLA) at 3-10 phr loading levels and 

evaluated the flame retardant and thermal properties of the resultant composites. They 

reported that the composites containing 7 and 10 phr of the additive could achieve V-0 

rating and the LOI values of 25 and 26, respectively. However, there were only slight 

reductions in the HRR, PHRR and THR of the composites compared to those of the 

pure polymer. The gas phase flame retardancy mechanism was proposed by the authors. 

It was also concluded that the polymer decomposition was accelerated in the presence 
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of the additive and this led to the more dripping during the UL-94 test and 

consequently, increasing the ignition resistance of the composite. Furthermore, Ye et al. 

[83] reported that a novel synthesised phosphorus-containing hyperbranched 

polysiloxane (P–His) with a great amount of phosphaphenanthrene and silanol groups 

could successfully improve the fire properties and thermal stability of cyanate ester 

(CE) resin. They specifically concluded that the application of 20 wt% P–His 

remarkably (1.5 times) increased the LOI value of CE resin by. The incorporation of 15 

wt % P–His also increased the initial decomposition temperature of CE resin by 58 ºC. 

It was suggested that both P and Si could migrant to the surface of the resin during the 

burning and form a surface protective char layer against heat and flame to enhance the 

flame retardancy.  

Regarding the fibre reinforced polymer composites, Zhao et al. [84] prepared 

aluminium hypophosphite (AP) and used it (10-25 wt%) as a phosphorus containing 

inorganic flame retardant for glass fibre reinforced polyamide 6 (PA6) composites. It 

was reported that the application of AP significantly reduced the HRR, THR and mass 

loss rate of the composites. In particular, it was shown that addition of 25 wt% AP 

resulted in an increase in LOI value of the composite from 22.5 to 30.1 and also V-0 

UL-94 rating. In addition, the thermal behaviour of the composites indicated that the 

onset decomposition temperature, maximum mass loss rate and the temperature of the 

maximum decomposition rate of the composites decreased but the residues at 700 ºC 

increased in the presence of AP. Similar improvements in the flame retardancy and 

thermal stability of  PLA-PC alloy and glass fibre reinforced PLA-PC composite also 

were observed by the incorporation of AP [85]. A combined condensed phase 

(formation of a stable P-O cross-linked char layer against the heat and oxygen) and gas 

phase (generation of phosphorus ions during combustion) mechanism was proposed for 

the enhanced fire and thermal properties of polystyrene (PS) in the presence of AP, 

Figure 2.10 [86]. In general, it can be concluded that phosphorus based additives are 

suitable flame retardants for polymers, even though the type and the content of the 

additive should be optimised according to the polymer matrix.    
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Figure 2.10 Possible flame retardant mechanism of PS composite containing AP [86] (Reproduction with 

permission from Elsevier) 

 

 Nitrogen Based Flame Retardant Additives  2.6.4

Nitrogen based compounds are an environmentally friendly class of flame retardant 

additives. Low toxicity is the major advantage of these additives and therefore, they 

have gained research interest. Regarding past research on the nitrogen based additives, 

it was reported that 30 wt% of melamine cyanurate (MCA) could markedly enhance the 

flame retardancy of epoxy resin and epoxy/glass fibre systems when the in-situ 

synthesis technique was used [87]. The results showed that the epoxy resin containing 

MCA and prepared by in-situ method could achieve 36.8 LOI value and V-0 rating 

(compared to 30.4 LOI and V-1 rating for the resin just added with MCA). In another 

work, Sha et al. [88] reported that the addition of 8 wt% MCA to PA6 resulted in LOI 

value of 31.8 and V-0 rating and also lower decomposition rate compared to the pure 

polymer. However, nitrogen based additives more often are used in combination with 

phosphorus flame retardant additives for enhanced fire behaviour via the synergistic 

effects of the two components. For instance, Thirumal et al. [89] compared the fire and 

thermal properties of polyurethane foam (PUF) filled with MCA and melamine 

polyphosphate (MPP). They concluded the better fire performance of PUF/MPP 

composite than that of the PUF/MCA due to the intumescent char formation through the 
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synergistic behaviour of nitrogen and phosphorous in MPP. However, no significant 

changes were observed in the thermo-oxidative stability of the two composites. More 

recently, melamine amino trimethylene phosphate (MATMP), a novel nitrogen-

phosphorus flame retardant, also was synthesised by Liu et al. [90] and used to modify 

the fire performance of rigid PUF. It was found that the PUF containing 15 wt% 

MATMP could pass the V-0 rating with the LOI value of 25.5 and also the composite 

showed 34% PHRR reduction compared to that of the pure PUF. In addition, the 

thermogravimetric analysis (TGA) results proved that the residues of the composites at 

750 ºC increased with increasing the content of the additive from 5 to 15 wt%. The 

formation of a good and compact char during burning, shown by SEM images, was 

responsible for the improved flame retardancy of PUF in the presence of MATMP. 

Furthermore, Zhao et al. [91] investigated the flame retardant properties of epoxy resin 

and epoxy/glass fibre systems containing a novel synthesised nitrogen and phosphorus 

based additive, N, N'-diamyl-p-phenylphosphonicdiamide (P-MA). They concluded that 

the additive was more effective in reducing the flammability of the resin than that of the 

fibre reinforced composite. It also was reported that the fibre reinforced composite 

containing 12 wt% P-MA (based on the resin weight) could achieve the 33 LOI value 

and V-0 rating in the UL-94 test. Moreover, the epoxy/glass fibre/P-MA composite 

showed 54 % lower PHRR and higher thermal stability in the TGA test compared to 

those of the composite without the flame retardant additive. In another research 

conducted by Fu et al. [92], MPP was prepared by a novel synthesis method and its 

effects on the flame retardancy of glass fibre reinforced polyamide 66 was evaluated. 

The satisfactory fire behaviour (V-0 rating and 38% LOI) of the composite in the 

presence of 25 wt% MPP was concluded. From the available literature, the conclusion 

can be drawn that the nitrogen based flame retardant additives can have high efficacy to 

reduce the flammability of polymers when they are combined with phosphorus 

compounds.   

 Intumescent Flame Retardant Systems 2.6.5

Intumescent flame retardant systems have been used extensively for flame retardancy 

enhancement of various polymers such as thermosets and thermoplastics. The flame 

retardancy mechanism (intumescent char formation) and the ingredients of intumescent 
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systems (a carbonisation agent, an acid source and a blowing agent) have been 

explained in the previous section. The main aim of the research in the area of 

intumescent systems is to identify the ingredients, which promote the insulating 

properties of the intumescent char during the heat and fire exposure. The commonly 

used intumescent flame retardant additives for polymers are phosphorus and nitrogen 

compounds. Qian et al. [93] synthesised a novel phosphorus and nitrogen containing 

compound (POPHA) and investigated the combustion and thermal degradation 

behaviour of epoxy acrylate resin (EA)/POPHA composites. It was found that the EA 

composite containing 20 wt% POPHA (2.4 wt% phosphorus and 1.1 wt% nitrogen 

content) showed 29 LOI value and also reduction in the PHRR and THR compared to 

those of the pure resin. The TGA results also revealed that the thermal stability of EA 

resin improved in the presence of POPHA. It was suggested that the polyphosphoric 

acid from the decomposition of POPHA reacted with the polymer and created a 

compact and thick char (shown by SEM images) during combustion. The released gases 

(mainly piperazine and its derivative) also could help the intumescent behaviour of the 

char. Another intumescent flame retardant formulation was prepared using a novel 

triazine-based macromolecule (TBM), as a charring agent, and melamine 

pyrophosphate [94]. It was found that the combined addition of TBM (8.3 wt%) and 

MPP (16.7 wt%) to PP could increase the fire resistance of the composite ( the V-0 

rating and LOI value of 31). The PHRR and THR of the polymer also significantly 

decreased when the formulation was used. The improvement in the flame retardancy of 

the PP composite mainly was attributed to the formation of an intumescent and compact 

char (observed by SEM) via the distinct synergistic effect of the additives.   

APP (an inorganic salt of polyphosphoric acid and ammonia) is the most frequently 

used additive to develop intumescent systems for polymers. It has been fully developed 

that when a polymer containing APP is exposed to fire, APP first decomposes to 

polyphosphoric acid and ammonia. The polyphosphoric acid then reacts with the 

hydroxyl groups of the polymer and yields a none-stable phosphate ester. The thermally 

stable char is formed by the dehydration of the phosphate ester at high temperatures 

(above 500 ºC) and makes a surface barrier to protect the polymer from heat and fire. 

Besides that, the ammonia gas can help the char to swell and be foam [10]. For 

instance, Hongqiang et al. [95] reported that the flame retardancy and smoke 

suppression of epoxy resin remarkably enhanced by the incorporation of 12 wt% APP, 
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due to the intumescent char formation. Figure 2.11 shows the thermal decomposition of 

APP and the chemical interaction between APP and epoxy resin. However, APP is used 

mostly in combination with other additives (such as carbonisation agent and foam 

promoter) in order to achieve the optimum performance. Pentaerythritol (PER) and 

melamine compounds are commonly used charring and blowing agents to combine with 

APP and achieve intumescent structures. Regarding the combined effects of APP and 

PER, Xia et al. [96] investigated effects of the weight ratio of APP to PER (at the total 

loading levels of 25 wt% and 30 wt%) on the carbonaceous foam from PP/APP/PER 

composites. It was concluded that the ratio of 2:1 (APP to PER) provided the optimal 

properties of the carbonaceous foam and the best thermal and flame retardancy 

performance of the composites. Another research conducted by Zhang et al. [97] 

showed that the epoxy compound containing 12 wt% APP and 3 wt% MCA had better 

flame retardancy and thermal performance compared to those of the epoxy composite 

with either APP or MCA at the same loading level. The V-0 rating was achieved for 

epoxy resin when both additives combined together, while there was no rating for the 

composites containing each additive. It was concluded that an intumescent flame 

retardant mechanism, due to the interaction between APP and MCA, was responsible 

for the flame retardancy improvement of the epoxy composite. It also was explained 

that MCA decomposed to melamine, NH3, CO2 and H2O during combustion. The 

release of such gases could promote the intumescent behaviour of the char and also 

reduce the heat of combustion and supply of oxygen. Recently, many research works 

have been focused on the investigation of the synergistic compounds to enhance the 

flame retardancy of intumescent polymer composites based on APP. As an example, 

metal compounds have been used as synergistic agents for flame retardancy 

improvements of composites containing APP [98, 99]. It has been explained that the 

structure of the intumescent char as a physical barrier against combustion can be 

improved in the presence of metal compounds [100].  
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Figure 2.11 Thermal decomposition of APP and chemical interaction between APP and cured epoxy resin 

[97] (Reproduction with permission from Taylor & Francis) 

 

Intumescent APP flame retardant systems also have been used to reduce the 

flammability and smoke production of fibre reinforced composites. In this regard, Lim 

et al. [101] evaluated the effects of APP and MCA and also the combinations of the two 

additives on the flame retardant properties of epoxy/glass fibre composites. They 

reported that 5 vol% of APP was enough to produce composites with self-extinguishing 

properties, whereas 20 vol% of MCA was required to achieve the same fire resistance. 

They also added that the hybridisation of 4 vol% APP and 1 vol% MCA improved the 

fire resistance of the composite accompanied with the production of more char residue 

compared to those of the composites containing each additive. Moreover, the TGA 

results showed that the addition of APP decreased the initial decomposition temperature 

of the composites but increased the residue contents at 700 ºC. In addition, Shukor and 

co-workers [102] showed that the incorporation of APP (up to 20 phr) increased the 

LOI values of PLA/kenaf fibre composites from 27.6 to 31.6. The TGA results also 

demonstrated that the char residues of the composites at the final temperature got raised 

by increasing the content of APP due to the intumescent charring action of APP during 

APP Polyphosphoric acid 
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thermal degradation. Overall, the intumescent flame retardant systems and especially 

APP formulations can provide promising fire properties for polymers and polymer 

composite. However, the proper additive system and amount should be developed 

according to the required application of composites.      

 Micro and Nano-Sized Fillers as Flame Retardant Additives 2.6.6

Incorporation of inorganic and non-combustible fillers is another technique to reduce 

the flammability of polymers. Atay et al. [103] prepared the flame retardant ethyl vinyl 

acetate (EVA) compounds using different loading levels (49.75 to 71.23 wt%) and 

different particle sizes (10, 1 and 0.1 µm) of huntite/hydromagnesite, 

Mg3Ca(CO3)4/Mg4(OH)2(CO3)3·3H2O, mineral. They summarised that the LOI of the 

EVA improved (up to the value of 45) with increasing the content and decreasing the 

particle size of the additive. According to the TGA results, the thermal decomposition 

temperature of the polymer also increased in the presence of the mineral filler due to the 

endothermic decomposition of the huntite/hydromagnesite and releasing water and 

carbon dioxide. It was observed in another research by Laoutid et al. [104] that the 

incorporation of calcium-based hydrated minerals (calcium hydroxide, partially and 

completely hydrated dolimes) at 50 and 60 wt% loading levels notably decreased the 

PHRRs of PE and EVA. The fire property improvements of the polymer composites 

were assigned to the generation of intumescent mineral residues during combustion. 

Talc (hydrated magnesium silicate with the chemical formula of Mg3Si4O10(OH)2) also 

is a relatively cheap and non-flammable mineral filler and has been used to modify the 

fire properties of polymers. Wang and Zhang [105] used talc (5 to 60 wt%) to improve 

the fire resistance of low density polyethylene (LDPE) and evaluated the fire 

performance of the composites using cone calorimeter, modified UL-94 vertical 

burning and a designed downward flame spread tests. It was found that the ignition time 

of LDPE (according to cone calorimeter and modified vertical burning tests) first 

decreased and then increased by increasing the content of talc. The cone calorimeter 

results showed the slight reductions in HRR and MLR of the polymer at low content of 

talc (up to 20 wt%), while the HRR and MLR of the composites significantly reduced 

when the higher loading levels were used. The considerably improved flame retardancy 

in the presence of high weight fractions of talc was assigned to the barrier effect of talc 

particles, which effectively covered the surface of composites against the heat and mass 
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transfers during the combustion. However, there was no char found in the residue of the 

samples after cone calorimeter tests. It also was observed that the downward flame 

spread rate of LDPE initially increased before decreasing with the increment of the talc 

content. This flame spread behaviour was corresponded to the reduction in the ignition 

time and melt flow rate of the composite (caused by talc) during burning. Moreover, the 

synergistic effects of talc with other additives toward the flame retardancy of 

thermoplastic polymers have been investigated in the literature. A Strong synergism 

between bisphenol A bis(diphenyl phosphate) (BDP) and talc (5, 10 and 20 wt%) in the 

flame retardancy of PC/acrylonitrile butadiene styrene (ABS) blends was observed by 

Schartel and co-workers [106]. They reported that the PC/ABS/BDP/10 wt% talc 

system showed higher LOI value, V-0 classification and a decreased PHRR as 

compared to the composite without talc. The effects of talc to decrease the gas diffusion 

and enhance the flow limit for low shear rates could improve the flame retardancy of 

the composite. The talc particles also enhanced the protection properties of the fire 

residues in the condensed phase. However, the THR of the PC/ABS/BDP composite 

slightly increased in the presence talc due to the suppressed flame inhibition and char 

formation effect of BDP by talc. In another research, Duquesne et al. [107] investigated 

that the fire properties of the highly filled intumescent PP/APP composites decreased in 

the presence of talc. The reduced flame retardant performance of the composites 

containing talc was corresponded to the formation of magnesium phosphate instead of 

condensed polyphosphate structures. The mechanical properties of the intumescent 

formed char were influenced by the magnesium phosphate resulted in the decrease in 

fire properties of composites.   

Nano-clays are one of the most widely used nano-particles in the field of polymer 

composites, since they have the potential to enhance the flame retardance, thermal, 

mechanical and gas barrier properties of polymers [53, 56, 108]. There are different 

types of nano-clays, such as montmorilonite (MMT), LDH and HNT [71]. In the field 

of fire properties of polymers with the incorporation of nano-clays, Liu et al. [109] 

investigated the fire performance of PS/organically modified MMT (2-15 wt%) nano-

composites by LOI and cone calorimeter tests. They reported that the introduction of 

MMT had an insignificant influence on the LOI of PS, but greatly reduced the HRR and 

MLR of the polymer in the cone calorimeter test. The charring in the condensed phase 

was the flame retardant mechanism of the nano-composites. It was explained that the 
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silicate nano-layers accumulated on the surface of the nano-composite during pyrolysis 

and made a physical barrier against heat and mass transfers between the under-layers 

and the flame, led to the improved flame retardancy. However, it was shown by SEM 

images that the char residue after the cone calorimeter test had a rough and porous 

structure and was not efficient in making the nano-composite self-extinguish. In another 

work, the HNT (5-30 wt%) was used to enhance the flame retardancy of PA6 and the 

fire properties of the prepared nano-composites were evaluated using cone calorimeter, 

UL-94 vertical burning and LOI tests [110]. It was found that the PHRR of the polymer 

decreased as the content of the HNT increased, mainly due to the development of a 

thermal insulation barrier on the surface of the polymer nano-composites during 

burning. However, there was not much improvement in the flame retardancy of PA6 

according to vertical burning and LOI tests. It was also added that the relatively high 

concentrations of HNT (≥15 wt%) were required to achieve the similar flame 

retardancy of nano-composites associated with other nano-clay (or layered silicate) 

additives. Furthermore, Dong et al. [111] showed that 30-40 wt% LDH was required to 

achieve V-0 rating in epoxy/LDH nano-composites.  

The recent literature has been focused on combining the nano-particles with other flame 

retardant additives to develop the efficient additive systems. It has been shown that the 

nano-additives can enhance the flame retardancy of intumescent systems via the 

synergistic effects of the additives. For example, Lecouvet et al. [112] comprehensively 

evaluated the flame retardant efficiency of HNT as a synergistic agent in an 

intumescent PP system based on a coated APP. It was found that the partial substitution 

of 20 wt% intumescent APP by HNT (3 wt%) resulted in significant improvement in 

the flame retardancy of composite (reduced HRR and longer burning time). In addition, 

the V-1 rating of the composite containing APP improved to the V-0 only by replacing 

1.5 wt% with HNT. They concluded that HNT accelerated the development of the 

intumescent char and also enhanced its mechanical properties by physical reinforcement 

(formation of skeleton-frame for the char structure) and/or chemical interactions with 

APP and yielding aluminophosphates, Figure 2.12. The mechanical strength of the 

intumescent char improved as the result of both physical and chemical synergistic 

effects of APP and HNT and led to the enhancement of the flame retardancy. Similarly, 

Sun et al. [113] observed a synergism between MPP (12 wt%) and HNT (3 wt%) in 
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improving the flame resistance and thermal stability of PA6, due to the chemical 

interactions between the additives to form more thermally stable compounds.  

 

 

 

Figure 2.12 Mechanism of reaction between APP and HNT and formation of aluminophophates (CA= 

carbonisation agent) [112] (Reproduction with permission from Elsevier) 

 

Regarding the LDH, Zhang and co-workers [114] prepared the sulfamic acid-

intercalated LDH and then introduced it into EVA in combination with an intumescent 

system (APP and PER at the weight ratio of 3/1) at the total loading of 20 wt% and 

investigated the fire properties of the resultant composite. They reported that the 

presence of only 1 wt% LDH increased the LOI of the EVA/APP/PER composite from 

24.8 to 26.9 and also significantly reduced the maximum heat released by the 

composite. However, the same V-2 rating was observed for both composites with and 

without the LDH. In addition, the TGA results of the composites were similar to those 

of the EVA polymer except for the slightly lower initial decomposition temperatures of 

the composites, which was corresponded to the earlier decomposition of additives 

(APP/PER and LDH) than that of the polymer. It was suggested that existence 

synergism between the intumescent system and LDH could lead to the formation of a 

more compact char to enhance the flame retardancy. The chemical interactions and 

synergism between APP and LDH toward the flame retardancy of polyvinyl alcohol 

(PVA) were also reported by Zhao et al. [115]. As the proposed flame retardant 

mechanism in Figure 2.13 shows, firstly, APP decomposed to form poly(phosphoric 

acid) during burning (reaction 1), which further dehydrated and reacted with the PVA 

chains (reaction 3) or itself (reaction 2) to form a three dimensional network (char). 

When LDH (as the synergistic agent) was used, it could react with the polyphosphoric 

acid and bridge the APP chains by releasing the water molecules (reaction 4). The small 

number of bridges between the APP chains could increase their stabilisation and 

availability for the phosphorylation and char formation. The crosslinking effect of LDH 

also could increase the degree of polymerisation of polyphosphoric acid and 
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consequently increase the melt viscosity during combustion to yield a more compact 

and dense char. In the meanwhile, the dehydrogenation of PVA chains constituted the 

precursor of char (reaction 5). However, the synergistic effects of the inorganic nano-

additives and intumescent systems may not occur due to the non-uniform dispersion of 

the nano-particles in the polymer matrix and instead, the antagonistic results may 

observe [116]. For example, no synergistic improvement on the flame retardant 

properties of epoxy resin was observed when organically modified MMT and a 

phosphorus compound were used together [117]. Generally, it can be concluded that 

mineral fillers (micro or nano-sized) can be used as flame retardant additives, even 

though the application of these fillers as the solo flame retardant system for polymeric 

materials may not meet the required fire performance of the industry. In addition, it can 

be a better approach to use the mineral fillers as part of the flame retardant formulations 

to enhance the performance of the main flame retardant additive via the chemical and/or 

physical synergistic effects.      
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Figure 2.13 Possible flame retardant mechanism of APP and LDH in PVA [115] (Reproduction with 

permission from Elsevier) 
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2.7 Effects of Flame Retardant Additives on the Mechanical 

Properties of Polymer Composites 

Along with the fire properties, the mechanical performance of polymer composites also 

is important, especially when they are used for structural applications. This can 

highlight the necessity of research to investigate the effects of flame retardant additives 

on the mechanical behaviour of composites. The application of flame retardants 

(depends on the additive type and content) can have a detrimental impact on the 

mechanical performance of the composites [40]. Fuzail et al. [118] observed reductions 

in the tensile strength (38-53 %) and elongation at break (83-97 %) of PE by the 

incorporation of Al2O3.3H2O (5-35 wt%), but they could improve the tensile strength of 

the polymer containing the additive using silane cross-linking technique. The tensile 

and flexural properties of PP composites filled with Mg(OH)2 (5-60 wt%) also were 

investigated by Liang [119] and it was found that the tensile and flexural modulus of PP 

approximately linearly increased with increasing the weight fraction of the additive. 

However, the tensile strength of the polymer slightly decreased with the incorporation 

of Mg(OH)2, while its flexural strength first increased (up to 30 wt% additive loading) 

before reducing. The SEM photographs of the fracture surface of the composites 

showed the good dispersion of the Mg(OH)2 in the matrix and also the interface 

adhesion between the phases. Regarding the fibre reinforced composites, it was shown 

that the addition of 40 wt% Al2O3.3H2O into PP/30 wt% flax fibre and PP/50 wt% flax 

fibre composites resulted in 12.5 and 7 % reductions in the mechanical (tensile and 

impact) properties, respectively [75].   

In the case of phosphorus based additives, reductions in the tensile strength (around 33 

%) and elongation at break (approximately 5.5 %) of PU was observed when 25-30 

wt% AP was used [120]. However, Yuan et al. [121] could retain the tensile properties 

of PVA/AP (11-17 wt%) composites and it was probably attributed to the relatively 

strong interactions and efficient load transfer between the polymer and additive. In 

contrast, it was shown that the tensile, flexural and impact properties of glass fibre 

reinforced PLA-PC composites decreased approximately 20, 13 and 18 %, respectively, 

with the incorporation of AP (22-25 phr) due to the incompatibility of the additive with 

PLA-PC [85]. Similarly, the PA6/glass fibre/AP (20-25 wt%) composites showed lower 
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(up to 45 % reduction) mechanical properties compared to those of the composite with 

the APP [84]. However, Yang et al. [122] reported that the tensile strength and modulus 

of the polybutylene terephthalate (PBT)/glass fibre composite enhanced in the presence 

of 5 and 10 wt% cerium hypophosphate (CHP) and then slightly decreased (at 15 and 

20 wt% of the additive). The reduced tensile properties of the composites at high 

concentrations of the CHP were explained by the poor compatibility and aggregation of 

the CHP particle in the matrix. In addition, the effects 5-12 wt% of a novel 

phenylphosphonate-based flame retardant (P-MA) on the hardness, Young's modulus, 

interface strength and interlaminar shear strength of epoxy/glass fibre composites were 

studied by Zhao and co-workers [91]. The results showed that the addition of P-MA did 

not affect the hardness and interfacial strength of the fibre reinforced epoxy composite.   

Regarding the intumescent additives, Zhang et al. [123] reported that the tensile, 

flexural and impact properties of PP improved to some extent by incorporation of 5-30 

wt% tetra-spirophosphoryl-benzoguanamine (TSPB) as a novel synthesised intumescent 

flame retardant. They proposed that the spherical structure of TSPB molecules, which 

made the non-polar groups (such as spirocyclic and phenyl) be exposed and the polar 

groups be enwrapped could be the reason for the good compatibility of TSPB with the 

polymer and enhanced mechanical properties. However, another work showed that the 

tensile, bending and impact strengths of epoxy resin decreased 17-43 %, 25-42 % and 

7-18 %, respectively, with an addition of 3-10 wt% of APP and the magnitude of 

reduction was proportional to the additive content [124]. The incompatibility of the 

APP with the resin matrix could decrease the mechanical properties of the composites. 

On the other hand, it was found that the presence of 30 phr APP had not negative 

impact on the tensile properties of PP/sisal fibre (40phr)/MAPP (3phr) composite, but 

reduced the impact strength (25 % reduction)  of the composite [125]. The SEM 

micrographs of the tensile fracture surface of the composite revealed the good 

distribution of APP particles in the matrix and also the compatibility between the 

phases as the result of coupling action of MAPP. Moreover, it was observed that the 

addition of APP (5-20 vol%) improved both flexural strengths and moduli of glass fibre 

epoxy composites [101]. The flexural properties of the composites reached a peak at 15 

vol% of APP before the slight reduction at 20 vol%, probably due to the poor dispersion 

and interaction between the additive and resin. Khalili et al. [126] attained the similar 

trend in which increasing the APP content up to 5 wt% resulted in an increase (34 %) in 



 

Chapter 2                                                                                               Literature Review     

 

41 

 

the flexural properties of palm empty fruit bunch fibre reinforced epoxy composite and 

then the flexural properties dropped at 10 and 20 wt% APP. Furthermore, the tensile 

test results showed that the incorporation of APP significantly reduced the tensile 

strengths of the composites as compared to that of the control sample (up to 27 % 

reduction). It was explained that APP acted as a nucleating agent and stress 

concentration point in the polymer matrix and therefore, reduced the tensile 

performance of the composites.    

It has been shown that nano-additives can enhance the mechanical properties of 

polymer nano-composites. According to a research done by Bidsorkhi et al. [127], the 

tensile strength, elongation at break and Young’s modulus of EVA film improved by 

40.5, 62 and 48 %, respectively, by incorporation of 3 wt% HNT, as the result of high 

aspect ratio of HNT and uniform dispersion of the nano-particles in the polymer matrix. 

Similarly, the introduction of sulphate anion intercalated CoAL-LDH into the PU 

matrix resulted in the substantial improvement of the tensile properties of PU nano-

composites [128]. In another work, it was shown that the tensile strength of PVA/15 

wt% APP composite increased by replacing 0.1-3 wt% of the APP with MMT nano-

particles, but the tensile strengths of the nano-composites were still lower than that of 

the pure polymer [129]. However, the nano-particles always do not serve the 

reinforcing effect for polymer matrices. As an example, Becker and co-workers [130] 

did not observe any improvement in the tensile and flexural properties of epoxy resin by 

adding 1-5 wt% glycinate intercalated MgAL-LDH. It was proposed that the LDH 

particles acted as stress concentrators and hence, failed to improve the mechanical 

properties. 

The important factors affecting the mechanical performance of additive-based polymer 

composites are the compatibility of the additives with the polymers and also the state of 

dispersion of the additives in polymer matrices. Poor compatibility and non-uniform 

dispersion of the additives can adversely influence the mechanical properties of the 

composites. In general, the commercial flame retardant additives mostly have poor 

compatibility with the polymers resulting in the reduction of the mechanical (especially 

strengths) properties. However, the modification of the existence additives or 

synthesising new and more compatible additives might enhance the mechanical 
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properties of composites. Therefore, it is important to keep a balance between the fire 

and mechanical performance of flame retardant composites.   

2.8 Effects of Heat and Fire Exposure on the Mechanical 

Properties of Fibre Reinforced Composites 

As earlier discussed, polymer composites are prone to heat-induced damage, which 

consequently causes the deterioration of their mechanical and structural performance. 

During and after heat and fire exposure, the fibre reinforced composites lose strength 

and stiffness due to the thermal degradation of polymer matrix and/or reinforcing fibres. 

Other heat-induced structural damages to polymer composites are formation of 

pore/void from polymer matrix decomposition, micro-cracking, inter-ply delamination 

and fibre/matrix de-bonding. The duration and intensity of heat and fire dictate the rate 

and extent of these damages [131, 132]. Figure 2.14 shows the thermo-physical changes 

of glass fibre reinforced polymer composites during (heating stage) and following 

(cooling stage) the fire exposure [131]. However, it should be mentioned that the 

diagram shown in Figure 2.14 can be changed according to the different polymer 

matrices, fire scenarios and application of natural fibres. The common synthesised 

fibres (such as glass and carbon fibres) are thermally inert up to approximately 600 ºC 

and have minimal effects on the thermo-physical responses of fibre reinforced 

composites. However, the thermal decomposition of natural fibres starts at earlier 

temperatures and influences the decomposition process of the composites.  

 

Figure 2.14 Thermo-physical response of glass fibre polymer composites during the fire (heating stage up 

to 900 ºC) and following extinguishment (cooling down to room temperature) [131] (Reproduction with 

permission from Elsevier) 
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The literature shows the attempts of researchers to evaluate the mechanical performance 

of polymer composites during the heat/fire exposure. In this context, Wang et al. [133] 

evaluated the tensile strength of pultruded carbon fibre reinforced epoxy plates at steady 

and transient states and at the temperature range of 20 to 700 ºC, using a high-

temperature furnace attached to a universal testing machine, Figure 2.15. Moreover, 

they proposed an equation to predict the experimental data in the studied temperature 

range. It was concluded that the major reductions in the tensile strength of plates took 

place in 20-150 ºC and 450-700 ºC temperature ranges. It also was reported that the 

ultimate tensile strength at 300 ºC was 50 % of room temperature strength of the plate, 

whereas the lowest strength at 700 ºC was only 7 % of the strength at room temperature. 

The two observed self-ignitions at around 350 and 600 ºC were corresponded to the 

ignition of the epoxy matrix and oxidation of carbon fibres, respectively.   

 

 

 

 

 

 

 

 

 

Figure 2.15 Tensile test at elevated temperatures setup [133] (Reproduction with permission from 

Elsevier) 

 

More recently, Bhat and co-workers [134] also investigated the tensile failure stress of 

three different plant fibres (jut, hemp or flax) vinyl ester composites under a one-sided 

heating situation and compared to those of the glass fibre composites using a non-

standard method. All the composites were prepared with the same volume content of 

fibres (40± 2%) and subjected to simultaneously one-side heating (using a cone-shaped 
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radiant heater) and tensile load, Figure 2.16. The composite specimens were loaded at a 

constant stress between 20 and 80 % of the room temperature failure strength and two 

different heat fluxes (10 and 35 kW/m
2
) were applied.      

 

 

 

 

 

 

 

 

Figure 2.16 Schematic of the tensile test under one-sided heating situation [134] (Reproduction with 

permission from Wiley) 

 

Overall, it was concluded that the plant fibre composites experienced more rapid 

thermal softening and failed earlier and consequently had lower tensile failure stresses 

compared to those of the glass fibre composite. Among the plant fibre composites, the 

flax fibre composites showed superior tensile performance, which could tolerate higher 

tensile stresses and for longer times.  

Furthermore, the effects of temperature on the impact properties of composite structures 

have been investigated in a few studies. Of these, Salehi-Khojin et al. [135] conducted 

research to experimentally determine the impact properties of glass and Kevlar/glass 

fibre composites subjected to impact loadings at various temperatures ranging from -50 

to 120 ºC. The composites were impacted at 5, 15 and 25 J using an Instron drop tower. 

It was found that the maximum absorbed energy by the composites was approximately 

constant and independent of the temperature at low impact energy level. However, the 

temperature dependency of absorbed energy was observed by increasing the impact 

energy level. The maximum deflections of the composites increased with increasing the 
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impact energy or temperature. On the other hand, the rebound energy (elastic energy) 

decreased by temperature increase in all impact energies. Moreover, the maximum 

impact force decreased with temperature rise but increased with increasing the impact 

energy. On the contrary, it was reported that increasing the impact ambient temperature 

to 150 ºC had little effect on the maximum force and maximum deflection but reduced 

the dissipated energy of hybrid carbon and glass fibre PEEK laminates [136]. However, 

the results showed that the delamination area was limited by increasing the temperature 

which enhanced the damage tolerance of laminates. It was explained that the improved 

toughness and ductility of the thermoplastic matrix at 150 ºC (near the Tg of polymer) 

led to the delay of matrix cracking and decrease of inter- and intra-laminar crack 

propagation. Similarly, it was shown that increasing the temperature (to 95 and 125 ºC) 

resulted in a decrease of stiffness, delamination area and energy-based damage degree 

of carbon fibre polyphenylene sulphide (PPS) laminates [137]. However, the permanent 

indentation depth of laminates increased at higher temperatures compared to that of the 

room temperature. Another work was conducted by Hirai et al. [138] to evaluate the 

effects of test temperature (up to 100 ºC) on the low velocity impact performance of 

vinyl ester/glass fibre composites, using an air-circulated environmental chamber 

attached to an instrumented impact machine. The overall results showed that the impact 

resistance and damage tolerance of the composite laminates decreased at elevated 

temperatures. However, little information is available in the literature regarding the 

impact damage tolerance of composite laminates at high temperatures, probably due to 

the complexity of applying high temperatures during the impact test.     

Along with the structural integrity of composites during fire exposure, their post fire 

mechanical performance is also important to evaluate the residual mechanical and load 

bearing properties. In this regard, Hawileh and colleagues [139] performed the tensile 

tests on the preheated (at 100, 150, 200, 250 and 300 ºC for 45 min) carbon and glass 

and hybrid glass/carbon epoxy composites to investigate the post-heating tensile 

properties of composites. They reported that the tensile strengths of carbon, glass and 

hybrid composites at 250 ºC reduced by 42, 31 and 35 %, respectively, compared to the 

values at room temperature and the reductions in tensile moduli of carbon, glass and 

hybrid composites were 28, 26 and 9%, respectively. Therefore, the composites could 

retain the modulus more than the strength after heat exposure and the hybrid composite 

maintained most of the room temperature modulus. The normalised tensile strength and 
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modulus of the composites are presented in Figures 2.17 (a) and (b), respectively. The 

failure mode of the composite specimens was a brittle rupture of fibres for the 

temperature range of 100-150 ºC and it was similar to that of the composites tested at 

room temperature. However, the failure mode changed to the partial loss of 

adhesiveness of epoxy followed by sheet splitting for 200-250 ºC temperature range 

while at 300 ºC the epoxy matrix burned and the specimens failed due to the rapture of 

fibres.  

 

 

 

 

 

 

Figure 2.17 Normalised tensile strength (a) and modulus (b) of carbon, glass and hybrid composites [139] 

(Reproduction with permission from Elsevier) 

 

In addition, the effects of two different nano-particles (silicate nano-clay and carbon 

nanotube) and micro-sized flame retardants on the post-fire flexural properties of glass 

fibre epoxy composites were studied [131]. The results showed that the flexural 

properties of the composites after exposing to 50 kW/m
2
 heat flux on one side for 30-90 

s post ignition significantly reduced (by 80 %) compared to the room temperature 

properties. Therefore, it was concluded that the char forming action of the studied flame 

retardant additives was not effective enough to retain the flexural properties of the 

composites after fire exposure. However, it was shown that the flame retardant surface 

coatings had high efficacy to significantly improve the flexural performance of heat-

damaged epoxy/glass fibre composites [132]. Regarding the post-fire compressive 

properties, Maaroufi et al. [140] reported that the prior fire exposure on one side at 20-

50 kW/m
2
 heat flux for 2 min resulted in significant deterioration on the compressive 

strength and stiffness of PPS carbon fibre laminates. According to the primary 

association of laminates thermal degradation and delamination, it was explained that the 

(a) (b) 
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fire-induced delamination and local plastic kink-bands during compression loads was 

extended by increasing the heat flux and caused the global buckling failure of 

laminates.  

In the case of impact performance after fire exposure, Ulven and Vaidya [141] 

investigated the low velocity impact response of the fire damaged vinyl ester/glass fibre 

laminates. The composite specimens were exposed to 80 kW/m
2
 heat flux on one side 

for 50, 100 and 200 s using a propane torch before being impacted. Large delaminations 

(according to the different heat exposure times) were observed in laminates due to 

polymer matrix burned out. The results of the impact tests showed that the peak force 

and contact stiffness of the laminates reduced due to the occurred delaminations. As an 

example, the peak force and contact stiffness of the heat exposed laminate for 100 s 

decreased by 20-30 % compared to those of the unexposed laminate. Moreover, the 

same one-sided heating method (24 kW/m
2
) was used to evaluate the low velocity 

impact strength (at 1, 3, 5, 7 and 9 J energies) of nano-clay enhanced epoxy resin/glass 

fibre laminates after fire exposure for 30 s [142]. It was found that (at 9 J energy level) 

the composite containing 3 wt% nano-clay showed 14.2 % higher elastic recuperation 

but 14.1 % lower displacement compared to those the control composite. It was 

suggested that the ductility of epoxy matrix decreased in the presence of nano-clay. In 

general, the heat exposure reduced the maximum impact force, while increased the 

displacement of composites relative to those of the unexposed composite. The 

composites with nano-clay also showed slightly higher peak force and lower 

displacement with respect to those of the composites without nano-clay after fire 

exposure. Furthermore, the elastic recuperation reduced for both composites with and 

without nano-clay after the fire exposure. It was concluded that during the fire exposure 

the resin started to decompose, which gradually led to the reduction in the stiffness and 

load bearing capabilities of the composites. The resin decomposition and consequent 

delaminations influenced the impact performance of the composites. On the other hand, 

the char formation during the fire exposure observed for the composites containing 

nano-clay could partially protect the resin from the decomposition and enhance the 

residual stiffness of composites after the fire. 

The reviewed literature reveals that the mechanical performance of polymer composites 

significantly decreases at high temperatures. The temperature dependence of 
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mechanical properties of composites limits their service temperature range for industrial 

purposes. This highlights the application of techniques to maintain the structural 

integrity and widen the application range of polymer composites at elevated 

temperatures.  



 

 

Chapter 2                                                                                                                                                                                          Literature Review     

49 

 

2.9 Summary 

Table 2.3 summarises the past researches about the effects of flame retardant additives on the fire, thermal and mechanical properties of polymer 

composites and also the heat and fire exposure effects on the mechanical properties of fibre reinforced composites. 

Table 2.3 The reported literature about the effects of flame retardant additives and heat/fire exposure on the performance of polymer composites 

Reference Authors Title Comments 

[143] Zadeh et al. 

Effects of Mg(OH)2 on the flammability and mechanical 

properties of date palm fibre reinforced PP/PE 

composites 

Mg(OH)2 improved the flame retardancy and tensile moduli of the composites 

but reduced the tensile strengths of the composite (up to 27 % reduction). 

[144] Yen et al. 
Effects of Al2O3.3H2O and nano-clay on the flame 

retardancy  and mechanical properties of EPDM 

Synergistic effects between the additives enhanced the fire and tensile properties 

of the EPDM. 

[75] 
El-Sabbagh et 

al. 

Optimisation between the fire and mechanical 

properties of flax fibre PP composites containing 

Al2O3.3H2O 

67 wt% Al2O3.3H2O was recommended to achieve V-0 vertical burning rate and 

the minimum (7-12 %) reduction of the mechanical properties. 

[145] Hull et al. Flame retardant effects of mineral fillers 

Mineral fillers can generally reduce the flammability of polymers through 

endothermic decomposition and absorbing the heat, increasing the heat capacity 

of the polymer residue and releasing water and carbon dioxide to enhance the 

heat capacity of the gas phase. 

[146] 
Han and 

Camino 

Flame retardancy action of organosilicon containing 

compounds 

The silicones and other silicon containing additives can accumulate on the 

surface of the polymer during combustion and create a ceramic layer to protect 

the underlying material from heat and flame. 
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[76] Fina et al. PSS as a flame retardant additive for PP 

The PP/PSS composites showed higher flame retardancy, thermal stability and 

tensile properties compared to those of the neat polymer. However, the fire 

performance of the composites was not sufficient to meet the strict requirements 

of building, electrical and transportation applications. 

[147] Jian et al. 

Effects of aluminum isobutylphosphinate and red 

phosphorus on flame retardant and thermal properties of 

ABS 

The flame retardant synergism was achieved between the additives in both gas 

and condensed phases. The combined effects of the additives were also 

beneficial to reduce the smoke production and improve the thermal stability of 

the composites. 

[148] 
Veen and 

Boer 
A review of the phosphorus containing flame retardants 

Phosphorus flame retardants as alternatives for halogenated (brominated) 

additives are mainly active in the condensed phase (char formation), but the gas 

phase mechanism is also a possible mode of action for these additives. 

[10] Lim et al. 
APP as an intumescent additive for thermoplastic 

polymers 

The efficacy of APP to enhance the flame retardancy of polymers can be 

different base on the matrix. The mechanical properties of polymers can be also 

improved using the appropriate content of APP and application of coupling 

agents. 

[112] 
Lecouvet et 

al. 

Flame retardant properties of PP composites containing 

APP and HNT 

HNT could enhance the flame retardancy and thermal stability of composites 

containing APP, as the results of both chemical and physical synergism between 

the additives. 

[115] Zhao et al. 
Flammability and mechanical properties of PVA in the 

presence of APP and LDH 

The esterification process and char formation of APP in the condensed phase was 

catalysed by LDH. Moreover, an addition of APP reduced the tensile properties 

of PVA by around 55 %. However, the incorporation of LDH could enhance the 

tensile properties of the PVA/APP composite, but the properties were still lower 

than those of the pure polymer.  

 



 

 

Chapter 2                                                                                                                                                                                          Literature Review     

51 

 

[149] Gibson et al. 

Measuring and modelling the tensile and compression 

properties of PP/glass fibre laminate during the one-

sided radiant heat exposure 

Both properties of the composite reduced by increasing the temperature, due to 

the glass transition softening of the matrix and at higher temperatures because of 

the melting of the polymer. However, the compression properties more severely 

degraded. 

[150] Horold et al. 

Investigating the compression resistance of sandwich 

panels with different cores under the fully developed 

fire on one side 

The core material significantly influenced the fire resistance of the panels. The 

intumescent coating also slowed down the burning rate and prolonged the failure 

time of the samples. 

[151] Benoit et al. 
Comparing the post fire tensile propertries of epoxy and 

PPS carbon fibre composites 

PPS composite showed higher post fire tensile properties, since PPS matrix 

generated more char after the fire exposure. The char formation of PPS at high 

temperatures could more effectively retain the structural integrity of the 

composite than that of the epoxy composite. 

[152] 
Robert and 

Benmokrane 

Effects of elevated temperatures (up to 350  ºC) on the 

mechanical properties vinyl ester glass fibre composites 

Reductions in the tensile, flexural and shear properties of the composites 

occurred at temperatures near the Tg (120 ºC) of the matrix. At higher 

temperatures, the mechanical properties considerably dropped due to thermal 

degradation of the polymer. 

[132] Kandare et al. 
Post fire flexural properties of epoxy/glass fibre 

composites 

Intumescent surface coating was effective to retain the flexural moduli of 

composites after fire exposure using the cone calorimeter. 
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The substantial research works have been conducted to improve the fire properties of 

polymer composites using various types of flame retardant additives and also to 

evaluate the structural properties of composites at high temperatures. However, the 

following research gaps have been identified according to the literature review and tried 

to be addressed in this project.   

- The combined effects of APP and talc on the fire and mechanical properties of 

thermoset (epoxy) composites  

- The comparison between the effects HNT and LDH on the flame retardancy and 

mechanical properties of intumescent epoxy composites containing APP 

- Evaluating the tensile properties of glass and flax fibre composites at elevated 

temperatures using a customised method 

- Characterising and comparing the post-heating low velocity impact properties of 

glass and flax fibre epoxy composites 
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Chapter 3 Experimental Details 

 

This chapter focuses on the materials, manufacturing processes of composites and 

characterisation methods used in this research. Materials, such as polymer matrix, fibre 

reinforcements and the flame retardant additives, are introduced in the first part, 

followed by the details of the composites manufacturing methods. In the second part, 

the testing methods to evaluate the fire and mechanical properties of the composites are 

explained in detail. 

3.1 Materials   

Diglycidyl ether of bisphenol A (DGEBA) epoxy resin matrix (105 West System 

epoxy) and polyamine curing agent (206 slow hardener) were provided by Adhesive 

Technologies Ltd. (New Zealand). The resin cured at room temperature (21 ºC) for 72 h 

(density of cured resin: 1180 kg/m
3
). Twill weave glass and flax fabrics were employed 

as the fibre reinforcement from Colan (Australia) and Lineo (Belgium), respectively. 

Table 3.1 presents the details of the fibre reinforcements.  

Table 3.1 Specifications of fibre reinforcements 

Fibre Type Fabric Type 
Density 

(kg/m
3
) 

Areal Density 

(g/m
2
) 

Warp Direction 

Ends (ends/cm) 

Weft Direction 

Ends (end/cm) 

Glass 2×2 Twill 2560 285 7.1 6.5 

Glass 2×2 Twill 2560 300 7 7.28 

Flax 2×2 Twill 1428 145 25.1 24 

  

Melamine coated APP (FR CROS 40) was used as the main intumescent flame 

retardant. The melamine coating can enhance the flame retardant performance of APP 

since the melamine based on nitrogen can improve the intumescent behaviour. Other 

additives, namely talc, anti-oxidant, HNT and stearate intercalated Mg-AL-LDH 

(interlayer distance = 3 nm and layer thickness = 0.446 nm), also were incorporated to 

identify the combined effects with the APP on the flame retardancy and mechanical 



 

Chapter 3                                                                                          Experimental Details     

 

54 

 

properties of epoxy composites. Table 3.2 demonstrates the specifications of the 

additives. 

Table 3.2 Specifications of additives 

Additive 
Specific Gravity 

(kg/m
3
) 

Mean Particle Size 

(d50%) (µm) 
Manufacturer 

APP 1900 20 Budenheim (Germany) 

Talc 2770 5.6 
Plustalc N625, Mondo Minerals 

(Netherlands) 

Anti-oxidant 1150 - BASF (Germany) 

HNT 2550 0.03- 0.07 Imerys Tableware (New Zealand) 

Mg-AL-LDH 1170 1.741 Prolabin & Tefarm (Italy) 

 

3.2 Manufacturing Processes 

 Epoxy Composites 3.2.1

The additives were dried in an oven (Contherm Thermotec, New Zealand) at 80 °C for 

10 h to remove the contained moisture content, and then mixed with epoxy resin using a 

high shear mixer (Silverson L4R, USA) at 8000 rpm for approximately 5 min, until a 

homogenous mixture was obtained.  

In the case of composites containing APP/talc/antioxidant, the required amount of talc 

(9.73 wt%) was premixed with epoxy resin prior to the addition of APP (19.96 wt%) 

and antioxidant (0.69 wt%). It minimised the trapping of APP particles between the 

silica plates of talc which might lead to deactivation of APP particles.  

For preparing the composites with HNT or LDH, after mixing the additives and resin 

with the mixer, a three roll mill (Torrey Hills Technologies, USA) was employed to 

enhance the dispersion of the nano-particles in the matrix. The two gaps between the 

rollers were both adjusted to 20 µm and the mixture was then passed through each gap 

three times. Figure 3.1 illustrates the structure of the three roll mill machine used for 

this research. 

The hardener was added to the homogenous mixture of epoxy resin and additives, and 

stirred rapidly (the weight ratio of resin to hardener was 5.36:1); then the mixture was 
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degassed in a vacuum chamber at room temperature for 5 min to remove the air 

bubbles. Finally, the epoxy resin containing the additives and hardener was poured into 

the silicone moulds having standard sample size cavities for fire and mechanical tests 

and cured in a pressure pot at 0.4 MPa pressure and room temperature for 72 h. The 

neat epoxy resin sample was also prepared as a control specimen.  

 

 

 

 

 

 

 

Figure 3.1 Structure of the three roll mill machine 

 

 Fibre Reinforced Composites 3.2.2

The aforementioned epoxy resin containing additives and hardener was used to 

impregnate eight and nine layers of glass and flax fibres (pre-dried at 80 ºC for 10 h), 

respectively, via a hand lay-up method. The number of layers was selected based on the 

density and areal density of the fibres to maintain the same fibre volume fraction in the 

final composites. Individual fibre layers were stacked and laid up in a mould after resin 

impregnation. The impregnated and laid up fibre layers were pressed for curing at 

0.7 MPa pressure and room temperature for 72 h. The resultant laminates, which had an 

average thickness of 2.6 mm and 35.6 ± 2 % fibre volume fraction, were cut into the 

standard dimensions for the various tests. The reference glass and flax fibre composites 

were prepared using the neat epoxy resin. Figure 3.2 presents the manufacturing process 

of the fibre reinforced composites.   
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Figure 3.2 Manufacturing process of fibre reinforced composites 

 

3.3 Characterisation Methods 

Several characterisation methods were engaged to evaluate the physical, fire and 

mechanical properties of epoxy composites. The characterisation techniques performed 

for this research are explained in the following sections.  

 Density and Void Content Measurements 3.3.1

The void contents of the fibre reinforced composites were calculated based on the 

differences between the measured and theoretical densities of composites following the 

ASTM D2734. The theoretical densities were calculated according to the rule of 

mixtures and the measured densities were determined by Sartorius density 

determination machine (Germany) and based on the weights of samples in air and water 

at room temperature (Archimedes’ principle), Figure 3.3. 
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Figure 3.3 Density measurements of fibre reinforced composites in (a) air and (b) water according to 

Archimedes’ principle 

 

 Fourier Transform Infrared Spectroscopy 3.3.2

Fourier transform infrared spectroscopy (FTIR) is a useful method to characterise the 

chemical structures of materials. In the infrared spectroscopy, a material is exposed to 

the infrared radiation and the energy absorption peaks corresponding to vibrations of 

atoms or molecules of the material are collected and shown in a spectrum [153]. In this 

research, FTIR spectra of as received and modified HNT, LDH nano-particles and chars 

(after burning tests) were recorded and analysed between 4000 and 500 cm
−1

 using a 

Nicolet FTIR iS 50 spectrophotometer (USA). The OMNIC spectroscopy software was 

used for collecting and processing the FTIR data.  

 Environmental Scanning Electron Microscope 3.3.3

SEM is an instrument to scan and image surface of materials using a focused electron 

beam in a vacuum system. The high resolution micrographs are produced by the 

interactions between the beam electrons and the atoms of a sample. However, the SEM 

requires a high-vacuum sample environment and also the sample usually should be 

electrically conductive to be scanned. Environmental scanning electron microscope 

(ESEM) is a special type of SEM, which allows imaging the wet and non-conductive 

samples (such as polymers and biological tissues) in a gaseous environment [154].  

(a) (b) 

Specimen 

Specimen 
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The ESEM (FEI Quanta 200F, USA) was employed in this research for morphological 

analysis of the residue after cone calorimeter tests and also the fractured cross-section 

of composites after tensile tests. The samples were attached to the sample holders and 

sputter coated with platinum before the microscope analysis.  

 Transmission Electron Microscope 3.3.4

Transmission electron microscope (TEM) is a powerful analytical instrument, which 

has the capability to capture very high resolution images of materials. In this 

microscopy technique, images are formed by transmission of a high-energy electrons 

beam through an ultrathin sample and the consequent interactions between the electrons 

and atoms of the sample. In this research, the TEM (Tecnai 12, Thermo Fisher 

Scientific, USA) was used at 120 kV for the morphological analysis of epoxy 

composites containing nano-particles. The composite samples were cut into 

approximately 100 nm sections using a Leica EM UC6 ultramicrotome, equipped with a 

Diatome 45 degree diamond knife, before the microscopic study.     

 TGA 3.3.5

The weight change of a substrate as a function of temperature in oxygen or an inert 

atmosphere can be investigated by TGA. The TGA is a commonly used method to 

determine the mass loss of materials due to the decomposition and oxidation. A TGA 

instrument consists of a sample pan, a precision balance, a furnace, a cooling system 

and an air or inert gas connection. The sample pan is supported by the balance and 

located in the furnace and the atmosphere inside the furnace can be selected according 

to the requirement of analysis. The sample pan is heated or cooled during the 

experiment and the weight change of the sample is monitored. In this research, a TA 

Q5000 instrument (TA Instruments, USA) was utilised to assess the thermal stability 

(the resistance of a substance against thermal decomposition) of epoxy samples. 3-5 mg 

of samples were inserted into high-temperature platinum pan and heated from room 

temperature to 800 °C at a constant heating rate of 10 °C/min in the nitrogen 

atmosphere. Temperature, sample weight and derivative weight were the output data of 

the instrument and used to plot the sample weight-temperature and derivative weight-

temperature curves for the analysis. 
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 Flammability Tests 3.3.6

A series of bench scale flammability tests were performed to investigate the effects of 

the flame retardant additives on the fire properties of epoxy composites. Cone 

calorimeter, vertical burning and limiting oxygen index (LOI) tests were carried out to 

measure the fire properties of composites according to the following testing procedures.  

3.3.6.1 Cone Calorimeter Test  

Cone calorimeter tests were performed to measure fire reaction properties of epoxy 

composites following the ASTM E1354. The bottom and sides of the square samples 

(100 × 100 × 2.6 mm) were covered with aluminium foil before testing. All the samples 

were conditioned in a chamber at 23 °C and 50% relative humidity for 48 h before 

exposing to 50 kW/m
2
 heat flux in horizontal position of the cone heater using a cone 

calorimeter (Fire Testing Technology, East Grinstead, UK). However, part of this 

research focused on the application of composites for the aviation industry and 

therefore, the cone calorimeter tests were also conducted at 35 kW/m
2
 heat flux and 

vertical position to simulate the conditions of the OSU test. The cone calorimeter data 

used for this research, including TTI, PHRR, THR, and SPR were the average values of 

three replicated tests. 

3.3.6.2 Vertical Burning Test 

The burning behaviour of the epoxy composites was investigated using the vertical 

burning tests based on the ASTM D3801. A set of five specimens (125 × 13 × 2.6 mm) 

for each epoxy sample was tested in accordance with the testing procedure and the 

results were categorised into V-0, V-1, V-2 ratings or NR (no rating), based on the 

criteria of the standard. The FAR 25.853 standard (60 s flame application) also was 

followed to carry out the vertical burning tests for part of the research, Figure 3.4. Three 

specimens (304 × 54 × 2.6 mm) per set of a composite sample were tested to report the 

average values of burning time and length and also drip extinguishing time. The results 

were assessed based on the requirements of the standard.     
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Figure 3.4 Vertical burning test setup according to FAR 25.853 

 

3.3.6.3 LOI Test 

The ASTM D2863 (procedure A) standard test method was followed to measure the 

LOI values of epoxy resin and composites and evaluate the efficacy of the flame 

retardant additives. The strip shape samples (130 × 6.5 mm) with the thickness of 2.6 

mm (fibre reinforced composites) and 3 mm (epoxy composites) were mounted in the 

specimen holder and their burning length and time were monitored after ignition using 

the flame igniter, Figure 3.5. Several tests at different oxygen concentrations were 

performed for each specimen type to determine the minimum volume percent of 

oxygen, which supports the flaming combustion of the specimen. According to the 

standard, the selected oxygen concentration should be able to maintain the combustion 

of the specimen for the minimum 180 s or 50 mm burn length from the top of the 

specimen.   
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Figure 3.5 Composite specimen combustion in LOI test 

 

 Mechanical Tests 3.3.7

The effects of flame retardant additives on the mechanical performance of epoxy 

composites comprehensively were investigated by performing various mechanical tests 

(tensile, flexural, compression, short beam strength and impact). The Instron testing 

machine was employed to carry out the mechanical tests (except the impact). The entire 

testing process, including the input and output data and strength and modulus 

calculations, were managed by Bluehill software. The mechanical test methods are 

discussed in the following sections.  

3.3.7.1 Tensile Test 

The tensile properties of epoxy resin and composite samples (dog-bone style of 3.2± 

0.4 mm thickness, 13 mm width in the narrow section and with the overall length of 

174 mm) were measured using Instron 4465 testing machine according to the 

ASTM D638 standard. The tensile tests were carried out at 50 mm gauge length and the 

crosshead speed of 5 mm/min. The chord tensile moduli were measured between 0.05 

and 0.25 % strains, using a mechanical extensometer.  

The tensile tests of the fibre reinforced composite samples (250 × 25 × 2.6 mm) were 

performed based on the ASTM D3039, using Instron 1185 testing machine, Figure 3.6. 
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The mechanical extensometer measured the strains of the samples between 0.1 and 0.3 

% at the gauge length of 50 mm. The samples were tested at the standard crosshead 

displacement rate of 2 mm/min.  

 

 

 

 

 

 

 

 

 

Figure 3.6 Composite specimen under tension load 

 

3.3.7.2 Flexural Test 

The flexural strengths and moduli of the epoxy resin and composites were determined 

by performing the flexural tests following the ASTM D790 (procedure A) and using a 

three-point bending rig on Instron 5567 testing machine, Figure 3.7. The flexural tests 

were carried out on the rectangular samples (70 × 12.7 mm) and the crosshead speed 

and supporting span length were set according to the thickness of samples (1.3 and 2.6 

mm). In addition, the fibre reinforced composite samples with the same dimensions 

were tested at 42 mm span length and 1.1 mm/min crosshead speed. Furthermore, to 

investigate the effects of heat exposure on the flexural properties of fibre composites, 

the flexural tests were performed on the heat exposed (at 300 ºC for 3 min) samples and 

the results were compared to those of the unexposed samples. 
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Figure 3.7 Flexural test setup using a three-point bending rig  

 

3.3.7.3 Compression Test 

The fibre reinforced composite samples (140 × 12 × 2.6 mm) were subjected to the 

compression load using a combined loading compression (CLC) test fixture in Instron 

1185, Figure 3.8. The strengths of the samples were measured at the 13 mm gauge 

length and 1.3 mm/min crosshead speed in accordance with the ASTM D6641. 

 

 

 

 

 

 

 

 

Figure 3.8 Combined loading compression test fixture, ASTM D6641 

 

3.3.7.4 Short Beam Strength Test 

The short beam strength test is principally similar to the flexural test. However, in the 

short beam strength test, the specimen length is very short relative to the thickness (6:1 
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ratio based on the ASTM D2344) to minimise the applied flexural load, but maximise 

the shear loading. In this research, the short beam fibre reinforced specimens 

(15.3 × 5.1 × 2.6 mm) were centre-loaded on a three-point fixture type attached to 

Instron 5567 testing machine, Figure 3.9. The span length and the crosshead speed were 

set to be 10.18 mm and 1 mm/min, respectively, to measure the short beam strengths of 

the samples according to the ASTM D2344.  

 

 

 

 

 

 

Figure 3.9 Short beam strength test configuration 

 

In all mentioned mechanical tests, five tests for each type of sample were carried out to 

report the average values of strengths and moduli. Moreover, all the mechanical tests of 

fibre reinforced composites were conducted along with the weft direction of fibres. 

3.3.7.5 Drop-Weight Impact Test 

The impact properties of the fibre reinforced composites were investigated using a fully 

instrumented drop-weight impact tester (Model IM 10T-201TS, Imatek, UK) in 

accordance with the ASTM D7136. A hemispherical impactor (16 mm diameter) was 

used to obtain the energy-time and force-deflection histories of the composite 

specimens (150 × 100 × 2.6 mm). Four horizontal toggle clamps were used for holding 

the specimen, shown in Figure 3.10, and the impact force was measured by Kistler 

force link, mounted right behind the impactor, during the test. The total impact mass 

including an impactor nose, force transducer and crosshead was 9.745 kg and all the 

specimens were impacted at 17.5± 1.2 J potential energy. The testing process, results 

data collection and calculations were controlled by Imatek Impact Analysis software. In 
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Loading nose 
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order to investigate the effects of heat-induced damage on the impact performance of 

the composites, both sides of the composites were heat exposed simultaneously at 100, 

200 and 300 °C for 3 min, using a fan assisted furnace (Nabertherm, Germany), Figure 

3.11, prior to the impact tests. The unexposed composite specimens were tested as the 

reference. Three replication tests were carried out for each specimen.  

 

 

 

 

 

 

Figure 3.10 Drop-weight impact test setup 

 

 

 

 

 

 

 

 

Figure 3.11 The furnace used for heating the composite specimens  

 

3.3.7.6 Tensile Test at Elevated Temperatures 

The tensile moduli and strength values of fibre reinforced composites were determined 

at elevated temperatures using a customised method. The specimens were subjected to 
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the combined tensile load and heat to assess the effects of temperature on the tensile 

properties of the composites. An infrared gold image furnace (Ulvac Sinku-Riko, 

Japan) was vertically attached to an Instron testing machine (1185) to perform the tests, 

Figure 3.12.  

The furnace (363 mm length) contains two holes (53 mm internal diameter) at the top 

and bottom in the vertical position, which were aligned with 100 kN grips of the Instron 

machine. The distance between the horizontal centre line of the furnace and the top grip 

was set to 251.5 mm. A quartz glass tube (400 mm length and 36 mm internal diameter) 

was centrally located inside the furnace to avoid contamination of any volatiles and 

fumes (from the decomposition of samples) in the furnace. The rectangular-shaped 

composite samples (600 × 25 × 2.6 mm) were passed through the glass tube and held 

with the grips. The temperature inside the furnace was controlled by a K-type 

thermocouple, mounted in the centre of the furnace and connected to a phase angle 

temperature controller machine. The thermocouple inside the furnace was attached to a 

piece (25 × 25 mm) of the sample, via a channel (~7 mm length) drilled through the 

thickness, to accurately replicate and monitor the temperature of the sample during the 

test. Aluminium plates were installed above and below the furnace to protect the grips 

from the heat. The furnace was cooled down to the room temperature after each test, 

using a cold water cooling system. Figure 3.12 presents the actual and schematic test 

setup. 

The tensile tests of glass fibre composites were performed at room temperature, 100, 

200, 300 and 400 ºC and room temperature, 100, 150, 200 and 250 ºC were the testing 

temperatures of the flax fibre composites. The time periods to reach the 100, 150, 200, 

250, 300 and 400 ºC temperatures were programmed to be 30, 45, 60, 75, 90 and 120 s, 

respectively, and the soaking time was set to be 60 s before conducting the tests. A 

mechanical extensometer and the crosshead displacements were used to measure the 

strains for moduli calculations at room and higher temperatures, respectively. All the 

tests were carried out at 4 mm/min crosshead speed and 500 mm gauge length and 

along with the warp direction of fibres. Three specimens were tested for each 

temperature and sample type. 
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Figure 3.12 (a) Actual and (b) schematic tensile test setup at elevated temperatures 
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3.4 Experimental Plan 

The experimental plan for this research was organised as following:  

In chapter 4, epoxy resin containing approximately 20 wt% APP and 10 wt% talc was 

prepared and the fire and mechanical properties of the composite were compared to 

those of epoxy with 30 wt% APP and the neat epoxy resin. The glass fibre reinforced 

composites including the additives were also prepared and tested to evaluate the effects 

of APP (~ 15 wt%) and APP/talc (~ 10 wt% APP and ~ 5 wt% talc) on the thermal and 

mechanical performance of the epoxy/glass fibre composite. 

In chapter 5, 2 wt% LDH and 2 wt% HNT were added to epoxy resin to investigate and 

compare the effects of these nano-particles on the fire properties of epoxy resin. In the 

second stage, the performance of the APP/LDH and APP/HNT additive systems on the 

fire and mechanical properties of epoxy resin and epoxy/glass fibre composites were 

compared. The contents of APP, LDH and HNT in the epoxy composites were 18, 2 

and 2 wt%, respectively, and the total loading level of the additives were fixed to 20 

wt%. In the fibre reinforced composites, however, the content of the additives reduced 

by approximately 50 %. 

The fire properties of glass and flax fibre composites containing approximately 10 wt% 

APP were compared in chapter 6. The composites without APP were also prepared as 

controls. In addition, the tensile properties of the composites at elevated temperatures 

were determined using the novel method introduced in section 3.3.7.6.   

In chapter 7, the post heating impact properties of the prepared glass and flax fibre 

composites (with and without APP) were explored using a drop weight impact tester.     

In this work, all fibre reinforced composites had approximately 50 wt% fibres (35.6 ± 2 

% fibre volume fraction).      
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Chapter 4 Combined Effects of APP and Talc 

 

It was discussed in the literature review chapter that the flame retardancy of the 

intumescent additives could be improved by the addition of mineral fillers. Talc is one 

of the relatively cheap fillers that have been used to enhance the flame retardant 

properties of thermoplastic polymers containing APP [107, 155-157]. Notwithstanding 

the research done with the thermoplastic polymers, little has been reported on the 

effects of APP and talc on thermoset polymer (e.g. epoxy) based composites in regards 

to their fire and mechanical properties. Hence, the primary objective of this chapter is to 

investigate the combined effects of APP and talc, according to the proprietary 

formulations [158], on the flame retardant and mechanical properties of epoxy resin and 

epoxy/glass fibre composites. The flame retarded epoxy samples were prepared and 

subjected to cone calorimeter, UL-94 vertical burning and mechanical (tensile, flexural, 

compression and short beam strength) tests and the results were compared to those of 

the reference samples without any additives. 

4.1 Composites Fabrication and Characterisation 

The high shear mixer was employed to disperse the additives (APP/talc/antioxidant and 

APP/antioxidant) in the epoxy matrix and then the mixture of resin/hardener and 

additives were silicone moulded and cured. The glass fibre (285 g/m
2
 areal density) 

reinforced composites were manufactured using the hand-lay-up method. The details of 

the manufacturing processes have been given in chapter 3 and the compositions of the 

epoxy composites are listed in Table 4.1.  
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Table 4.1 Compositions of epoxy resin composites 

Sample 
Epoxy resin/ 

Hardener 

(wt%) 

APP 

(wt%) 

Talc 

(wt%) 

Antioxidant 

(wt%) 

Glass fabric 

(wt%) 

EP 100 0 0 0 0 

EPAPP 69.61 29.70 0 0.69 0 

EPAPPT 69.61 19.97 9.73 0.69 0 

EPF 46.20 0 0 0 53.80 

EPFAPP 34.23 14.60 0 0.34 50.83 

EPFAPPT 34.61 9.93 4.84 0.34 50.29 

 

The fire and mechanical tests and also the TGA were performed, according to the 

procedures provided in chapter 3, to investigate the effects of APP and talc on the fire 

and mechanical properties and thermal stability of the epoxy composites. The char, after 

cone calorimeter tests, were characterised by FTIR and SEM techniques. The fractured 

cross-section of the composites after tensile tests were also analysed using SEM. 

4.2 Results and Discussion 

 Cone Calorimeter Test 4.2.1

HRR is one of the most important parameters to comprehend, for understanding the fire 

hazard of a material since it is the governing factor for fire spread and growth [95, 159]. 

Figure 4.1 shows the HRR curves versus time for all epoxy resin samples under 50 

kW/m
2
 heat flux and Table 4.2 summarises the selected cone calorimeter results. It is 

illustrated in Figure 4.1 that the neat epoxy resin burned rapidly after ignition and the 

HRR reached a peak of approximately 1900 kW/m
2
. The PHRR of epoxy resin 

dramatically reduced (about 85%) by the incorporation of 30% wt APP. This reduction 

of PHRR was due to the ability of APP to form an intumescent char barrier which was 

not observed for neat epoxy resin. When an intumescent system (the combination of a 

polymer matrix and APP) is exposed to fire, it yields an expanded char on the surface of 

the polymer as a physical barrier, thus protecting the underlying materials from heat and 

fire [101, 160]. As the result of char formation, the combustion of the polymer is 

limited and the PHRR decreases. The PHRR of epoxy resin containing APP slightly 

increased after replacing approximately 10 wt% APP with talc. This slightly decreased 
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flame retardant performance might be due to the non-intumescent characteristic of talc 

and consequently reduction in the degree of expansion of the intumescent char. Figures 

4.2 (a) and (b) present the char of EPAPP and EPAPPT samples after cone calorimeter 

experiments, respectively. As Figures 4.2 (a) and (b) demonstrate, the expansion rate of 

the char decreased with the addition of talc. The efficiency of the char, as the physical 

barrier, might reduce when its expansion rate decreases. These results are in agreement 

with the findings of Duquesne et al. [107]. It should be highlighted that the partial 

replacement of APP by talc has reduced the material cost of the flame retardant epoxy 

composites due to the lower price of talc (~1.5 USD/kg) in comparison to that of APP 

(~55 USD/kg).  

 

Figure 4.1 Heat Release rate curves of epoxy resin and composites at 50 kW/m
2
 heat flux 

 

Table 4.2 Cone calorimeter parameters of epoxy resin and composites under 50 kW/m
2
 heat flux 

Sample 
TTI 

(s) 

PHRR 

(kW/m
2
) 

Reduction rate of 

PHRR 
* 
(%) 

THR 

(MJ/m²) 

EP 21 ± 2 1910 ± 185 - 84 ± 2 

EPAPP 24 ± 1 281 ± 19 85.3 23 ± 2 

EPAPPT 28 ± 2 357 ± 20 81.3 24 ± 2 

EPF 24 ± 2 451 ± 10 76.4 37 ± 4 

EPFAPP 22 ± 2 233 ± 32 87.8 11 ± 1 

EPFAPPT 21 ± 2 169 ± 7 91.1 16 ± 4 
            *

 Reduction rate of PHRR calculated based on the PHRR of neat epoxy resin. 
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Figure 4.2 Images of (a) EPAPP and (b) EPAPPT samples after cone calorimeter experiments using a 

digital camera 

 

Furthermore, the PHRR of epoxy resin significantly decreased (about 75%) by the 

addition of approximately 50 wt% glass fibre as the reinforcement. Reducing the 

flammable epoxy content and also insulating properties of the glass fibre plies, which 

could protect the epoxy matrix (between the layers) from the heat and fire resulted in 

the reduction of PHRR. The fluctuations in the HRR curve of the glass fibre composite 

can be observed probably due to the presence of the reinforcing glass plies acting as the 

heat and fire insulator. These layers of glass fibre can decrease the HRR, while the 

combustion process of epoxy resin can increase the HRR. The incorporation of the 

additives led to further reductions in the PHRR values of the glass fibre reinforced 

composites. Moreover, Figure 4.1 shows that the glass fibre composite sample 

containing APP and talc has lower PHRR than that of the fibre reinforced sample filled 

only with APP. This can be explained by the high thermal stability of talc particles, 

which consequently improves the insulating properties of the formed char (as the result 

of the interaction between APP and epoxy resin matrix). Thus, the efficiency of the char 

as a protective physical barrier can increase by the incorporation of talc. Figures 4.3 (a)-

(d) present the photos using the digital camera and also the scanning micrographs of the 

top surface of chars for EPFAPP and EPFAPPT samples after cone calorimeter tests. As 

the digital photos of Figures 4.3 (a) (EPFAPPT) and (b) (EPFAPP) show, the presence 

of talc led to the less number of holes and cracks on the surface of the char in 

comparison to those of the EPFAPP sample. The scanning micrographs of Figures 4.3 

a b 
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(c) (EPFAPPT) and (d) (EPFAPP) also confirm that the char, obtained from the sample 

containing talc, has more compact and closed structure (not allowing the oxygen to 

transfer through the sample) compared to that of the sample without talc. By comparing 

the morphologies of the chars, it demonstrates that the char formed from EPFAPPT 

sample can more effectively limit transferring the heat and flammable gases between 

the flame and underlying material, thereby releasing less amount of heat. Overall, the 

expansion rate of the intumescent formed char is the governing factor to control the 

HRR and PHRR of epoxy composites containing intumescent additives, while the 

integrity of the char governs those parameters for the glass fibre reinforced composites 

filled with the additives. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Top surface of char after cone calorimeter tests for (a) EPFAPPT and (b) EPFAPP samples 

taken by a digital camera and their SEM images (c) and (d), accordingly 

 

TSP is another important factor regarding the issue of fire hazard. Flammable materials 

produce more soot and aromatic volatiles in the flame than flame-retarded materials due 

c d 

b a 
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to the higher dehydrogenation effect, which results in producing higher amount of 

smoke [161]. Figure 4.4 presents the TSP of all the epoxy samples versus time during 

the cone calorimeter tests. As Figure 4.4 indicates, the incorporation of glass fibre and 

flame retardants (due to the intumescent char effect) can dramatically reduce the TSP of 

epoxy resin; it confirms the improvement of fire performance. Moreover, Figure 4.5 

illustrates the CO production of the samples during the cone calorimeter experiments. It 

can be seen that the epoxy composites release considerably less amount of CO 

compared to that of the neat epoxy resin and it can be an indicator of reducing both 

flammability and toxicity of the epoxy resin by the addition of glass fibre and the 

additives.   

Furthermore, according to Table 4.2, THR value of epoxy resin declines sharply by the 

application of glass fibre and flame retardant additives, which can also indicate the 

ability of these components to reduce the flammability of epoxy resin.  

 

 

 

 

 

 

 

 

Figure 4.4 Total smoke production of epoxy resin and composites during combustion 
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Figure 4.5 CO production curves of epoxy resin and composites during combustion 

 

 FTIR Analysis 4.2.2

The FTIR measurement was used to better understand the chemical compositions of the 

chars. Figure 4.6 presents the FTIR spectra of char after cone calorimeter tests for 

EPFAPP and EPFAPPT samples. For both chars, the peaks at 3200 cm
-1

, about 1630 

cm
-1

 and 1100-1350 cm
-1 

are assigned to the vibration of N─H, C═O and P═O bands 

released from APP, respectively [97, 162, 163]. The absorption band of P─O─C at 982 

cm
-1

 also indicates the formation of cross-linked phosphate ester due to the interactions 

between the cured epoxy resin and APP [97, 162]. In the spectrum of EPFAPPT 

sample, the new peaks at 699 cm
-1

 and 1081 cm
-1

 for symmetric Si─O─Si stretching 

vibrations reveal the presence of talc [164]. The appearance of weak absorption bands 

at 3675 cm
-1

 is also attributed to the talc hydroxyl groups [164]. The spectra of the 

chars demonstrate the ability of talc to preserve its chemical structure at high 

temperatures (approximately 750 ˚C and under 50 kW/m
2
 heat flux), which can 

consequently impart high thermal stability in the composite. Thus, the talc particles can 

improve the integrity of the formed char during the cone calorimeter test and enhance 

the flame retardation of the epoxy/glass fibre composites filled with APP.  
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Figure 4.6 FTIR spectra of char after cone calorimeter tests for EPFAPP and EPFAPPT samples 

 

 UL-94 Vertical Burning Test 4.2.3

The results of UL-94 vertical burning test have been reported in Table 4.3. Clearly, 

there was no rating for the neat epoxy resin, while a V-0 rating was achieved by the 

incorporation of the flame retardant additives. The V-0 rating for both composites 

containing APP and APP/talc is due to the intumescent char formation, which is able to 

extinguish the flame. The observed dripping of epoxy resin, during the vertical burning 

test, was prevented by the inclusion of glass fibre and the additives. As Table 4.3 

shows, the V-0 rating of the epoxy composites shifted to the V-1 rating for the EPFAPP 

sample and no rating for the EPFAPPT by the addition of glass fibre. This decrease in 

the flame retardancy might be due to the inhibited intumescent behaviour caused by the 

plies of glass fibre. The reduced flame retardant performance of the carbon fibre 

reinforced epoxy composites containing flame retardants has also been reported by 

Toldy et al., since the carbon fibres hindered effects of the flame retardants [165]. 

Moreover, the observed different vertical burning behaviours for the EPFAPP and 

EPFAPPT samples can be explained by the thermal decomposition of talc particles 
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starting at approximately 900 ˚C [107, 166] due to the application of high temperature 

(around 1970 ˚C) flame of the burner. This decomposition can reduce the integrity of 

the composite and expedite its burning, so that there is no rating for the talc added glass 

fibre composite. The adverse effect of talc on the vertical burning behaviour of polymer 

composites has also been observed by Kim and Bhattacharyya [157]. The samples after 

the vertical burning tests are shown in Figure 4.7. 

Table 4.3 UL-94 vertical burning results of epoxy resin and composites  

Sample UL-94 Rating Dripping 

EP No Rating Yes 

EPAPP V-0 No 

EPAPPT V-0 No 

EPF No Rating No 

EPFAPP V-1 No 

EPFAPPT No Rating No 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Photographs of vertical burning samples after tests: (a) EP, (b) EPAPP, (c) EPAPPT, (d) EPF, 

(e) EPFAPP, (f) EPFAPPT 
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 Thermal Degradation Behaviour 4.2.4

Figure 4.8 illustrates the thermogravimetric (TG) and derivative thermogravimetric 

(DTG) curves of pure epoxy resin and epoxy composites in nitrogen atmosphere. It is 

evident that the thermal degradation of neat epoxy resin occurs in two stages. In the first 

step, the epoxy resin undergoes a very slow weight reduction (about 13 %) up to 

approximately 250 ˚C. This initial weight reduction might be attributed to some 

dehydration and elimination of the pendant epoxy chains having low molecular weight. 

The second and main step of thermal degradation of epoxy resin takes place between 

300 ˚C and 450 ˚C. During this stage, chain scission and fragmentation of epoxy resin 

lead to a rapid weight loss (approximately 75 %). The temperatures of maximum weight 

loss, in the first step for epoxy resin containing additives, are similar to that of neat 

epoxy resin (Table 4.4). However, the samples containing APP start to decompose (at 

around 280 ˚C) earlier than the neat epoxy resin; so the temperature of the maximum 

weight loss of epoxy resin at the second stage shifts to lower temperatures in the 

presence of APP. It is known that the decomposition temperature of APP is lower than 

that of epoxy resin [162] and thus, the addition of APP to epoxy and the chemical 

reactions between them reduce the temperature of maximum weight loss 

(decomposition). However, Figure 4.8 shows that the epoxy composites containing APP 

have higher thermal stability (lower weight reduction), over approximately 370 ˚C, 

relative to the epoxy resin due to the formation of the protective intumescent char. 

According to the intensity of the second peak of the DTG curves, the degradation rate 

of epoxy resin has also been lowered by the addition of APP. Moreover, it can be 

observed that the introduction of talc particles, to the sample containing epoxy resin and 

APP, promotes the thermal stability of the sample at high temperatures due to the high 

decomposition temperature of talc. The residues at 800 ˚C for epoxy resin containing 

APP and APP/talc are 23.9 and 35.5 %, respectively, which are higher than that of the 

neat epoxy resin (10.3 %). This lower mass loss of epoxy in the presence of the 

additives can be corresponded to the effective char forming action at high temperatures. 



 

Chapter 4                                                                                    Effects of APP and Talc     

79 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 (a) TG and (b) DTG curves of EP, EPAPP and EPAPPT samples in a nitrogen atmosphere 

 

Table 4.4 TG and DTG data of epoxy resin and composites under nitrogen atmosphere 

Sample Tm1
*
 (˚C) Tm2

**
 (˚C) Residue at 800˚C (%) 

EP 169 369 10.3 

EPAPP 169 320 23.9 

EPAPPT 172 322 35.5 

                 *  
Tm1 is the temperature of maximum mass loss rate at the first step of thermal degradation. 

                          **
 Tm2  is the temperature of maximum mass loss rate at the second step of thermal degradation. 

 

 Mechanical Behaviour 4.2.5

The tensile and flexural properties of all epoxy samples are summarised in Table 4.5. It 

can be observed that the addition of glass fibres provided the necessary reinforcement 

and consequently enhanced the mechanical properties of the composites, significantly. 

In the composites, without the fibre reinforcement, the addition of APP and talc to 

epoxy resin compromised both the tensile and flexural strengths. This reduction of 

strengths can be attributed to the incompatibility and consequently poor interfacial 

bonding of epoxy matrix and additives (APP and talc). This incompatibility gives rise to 
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c d 

Voids Voids 

Void Void 

a b 

100 µm 100 µm 

5 µm 5 µm 

voids between the matrix and the additives, which can be visualised in SEM images, 

Figures 4.9. Figures 4.9 (a, c) and (b, d) show the scanning micrographs of the fractured 

cross-sections of EPAPP and EPAPPT samples, respectively, after tensile tests. The 

formation of voids in these composites acts as the stress concentration points, which can 

reduce the mechanical strengths of the composites. However, improvements in the 

tensile/flexural moduli were observed as the application of the additives most probably 

reduced the inter-particle distances, which resisted deformation of the polymer matrix. 

The difference in the mechanical properties of the composites containing only APP and 

APP/talc were insignificant in nature as the standard deviations fall within each other 

error’s margins. 

Table 4.5 Tensile and flexural properties of epoxy resin and composites 

Sample 
Tensile Strength 

(MPa) 

Flexural Strength 

(MPa) 

Tensile Modulus 

(GPa) 

Flexural Modulus 

(GPa) 

EP 56.7 ± 3.6 102 ± 4.4 3.05 ± 0.0 3.4 ± 0.1 

EPAPP 34.1 ± 3.1 67.0 ± 2.2 4.24 ± 0.2 4.4 ± 0.3 

EPAPPT 31.1 ± 1.5 62.7 ± 3.8 4.07 ± 0.2 4.6 ± 0.3 

EPF 339 ± 13.3 400 ± 19.1 16.7 ± 0.5 14.2 ± 0.5 

EPFAPP 324 ± 15.3 386 ± 15.2 16.8 ± 0.2 14.8 ± 0.1 

EPFAPPT 280 ± 4.9 411 ± 13.3 17.1 ± 0.6 15.0 ± 0.2 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 SEM images of fractured cross-sections (tensile): (a, c) EPAPP and (b, d) EPAPPT  

Composites with different magnifications 
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On the other hand, the composites reinforced with fibres exhibited a slight loss in the 

tensile strengths and enhancement of tensile/flexural moduli upon the APP and talc 

addition, similar to the composites without fibres. The incorporation of talc along with 

APP further compromised the tensile strength of the fibre reinforced composites. This is 

probably due to the interference caused by talc on the interfacial bonding of the fibre 

and the matrix. Figures 4.10 (a) and (b) illustrate the scanning micrographs of the 

tensile fractured cross-sections of EPF and EPFAPPT samples, respectively. As clearly 

seen from Figures 4.10, the fractured surface of the EPFAPPT sample shows more fibre 

pull-out compared to that of the reference EPF sample, indicating the lower interfacial 

bonding between the resin and glass fibre in the presence of APP and talc. The 

compression and short beam strengths of the glass fibre reinforced epoxy composites 

have been summarised in Table 4.6. It can be observed that there is no notable 

difference between the compression strengths of the fibre reinforced epoxy composites 

containing additives and that of the reference sample. However, the short beam strength 

of the fibre reinforced epoxy composite dropped approximately by 18 and 26 % due to 

the incorporation of APP and APP/talc, respectively. This suggests that the adhesion 

between the resin matrix and the plies of reinforcing fibre reduced by the inclusion of 

the additives. It should be added that inelastic deformation failures were observed for 

all epoxy glass fibre composites at the end of the short beam strength tests. The results 

of the mechanical tests indicate that the presence of flame retardant additives does not 

significantly compromise the tensile, flexural and compression properties of the glass 

fibre reinforced epoxy composites. Overall, it can be concluded that the glass fibre 

reinforcement is mostly the governing factor to determine the mechanical properties of 

epoxy/glass fibre composites. 

Voids are the common manufacturing-induced defects, which may affect the 

mechanical performance of composite laminates. The void content of the glass fibre 

composites were calculated based on the differences between the measured and 

theoretical densities according to ASTM D2734, as explained in the section 3.3.1. The 

void content of EPF, EPFAPP and EPFAPPT composites were 4, 4.1 and 4.4%, 

respectively. 
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Figure 4.10 SEM images of fractured cross-sections (tensile): (a) EPF and (b) EPFAPPT samples 

 

Table 4.6 Compression and short beam strength of glass fibre reinforced epoxy composites 

Sample 
Compression Strength 

(MPa) 

Short Beam Strength 

(MPa) 

EPF 290 ± 11.6 36.2 ± 0.4 

EPFAPP 299 ± 13.6 29.8 ± 1.9 

EPFAPPT 294 ± 17.5 26.3 ± 0.3 

4.3 Concluding Remarks   

The effects of flame retardant additives (APP and talc) on the fire, thermal and 

mechanical performance of epoxy resin and glass fibre epoxy composites were 

investigated in this study. The results showed that the fire properties of epoxy resin and 

epoxy/glass fibre composites significantly improved due to the introduction of APP and 

APP/talc (2:1 weight ratio) at fixed 30 wt% loading level, as observed from the cone 

calorimeter and UL-94 vertical burning tests. Talc particles increased the flame 

retardant characteristic of APP by promoting the protective properties of the 

intumescent char in epoxy/glass fibre composite, while the expansion rate of epoxy 

resin containing APP under the radiant heat reduced in the presence of talc. APP/talc 

system was superior to APP as it further decreased the PHRR of epoxy/glass fibre 

composites; whereas APP provided better fire protection with regard to the UL-94 

vertical burning results. APP and talc could effectively enhance the thermal stability of 

epoxy resin at high temperatures in accordance with the obtained TGA results. The 

inclusion of flame retardants into the epoxy resin resulted in the reduction of 

a b 

Resin Fibre pull-out 

Fibre pull-out 

100 µm 100 µm 
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mechanical strength, but the improvement of modulus. As expected, the mechanical 

properties of epoxy/glass fibre composites were mostly governed by the glass fibre 

rather than by the resin matrix. Therefore, the mechanical performance of the glass fibre 

reinforced epoxy composites was not significantly influenced by the application of 

flame retardant additives. Overall, the study demonstrates that when fire resistance is 

required, better fire performance can be obtained by adding selected additives in the 

glass fibre reinforced composites. Such composites can provide enhanced flame 

retardancy without seriously losing their mechanical properties.  
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Chapter 5 A Comparative Study on Effects of LDH 

and HNT Nano-Clays 

 

As discussed in the literature review chapter (Chapter 2), nano-clays can be used to 

enhance the fire properties of polymers. Among different types of nano-clays, LDH  

(commonly named anionic clay) is a relatively new class of anionic lamellar (two 

dimensional) nano-material comprised of positively charged brucite-like layers with an 

interlayer region containing charge compensating anions and molecules of solvation, 

Figure 5.1 (a). The general molecular formula of LDH is [M1-x
2+

Mx
3+

(OH)2]
x+

A
n-

x/n 

.zH2O, where M
2+ 

and M
3+ 

are divalent and trivalent metal cations, such as Mg
2+ 

and 

Al
3+

, respectively, and A
n- 

is an intercalated organic or inorganic anion, such as CO3
2-

 

and NO3
-
 [167]. The cations and intercalated anion can be varied and this can provide 

tuneable properties for the LDH to be used for different applications, namely thermal 

stabiliser, flame retardance and scavengers for pollutants [168-170]. The bio-

compatibility of the LDH nano-particles also makes them suitable for medical 

applications [171]. The LDH nano-clay can be formed synthetically and the Mg-Al-

LDH is the most frequently used LDH clay [108]. Compared to LDH, HNT is a more 

abundant and cost-effective natural nano-filler, which has versatile thermal and 

mechanical properties and a wide range of optical, electrical and energy storage 

applications [172-174]. HNT is a 1:1 aluminosilicate clay mineral with the chemical 

formula of Al2Si2O5(OH)4 and hollow tubular structure (one dimensional), Figure 5.1 

(b), which can be formed as a result of hydrothermal or weathering processes [173, 175, 

176]. 
 
In the HNT structure, the water molecules are present between the sheets of SiO4 

and AlO6 [177].   
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Figure 5.1 Schematic illustrations of (a) LDH and (b) HNT [171, 176] (Reproduction with permission 

from Elsevier) 

 

The effects of both LDH and HNT particles on the thermal and fire-related properties of 

different polymers have been extensively reported in the literature [167, 175, 178-180]. 

It has been generally found that the nano-additives can enhance the thermal stability 

and flame retardancy of polymers through four different mechanisms: (a) endothermic 

thermal decomposition (heat sink), (b) formation of a protective char layer on the 

surface of polymer during the heat and fire exposure, (c) catalysing and reinforcing the 

char formation and (d) increasing the viscosity of the polymer melt [181]. The layered 

nano-clays, such as LDH and MMT, can reduce the flammability of polymer nano-

composites by migrating the particles toward the surface of the polymer and forming a 

char (barrier) against heat and volatiles [53, 182], whereas the fibrous nano-additives, 

namely carbon nanotube and HNT, show high thermal stability, thereby facilitating the 

char formation [53, 55]. It has been identified that the presence of nano-particles in the 

polymer matrices can mainly reduce the HRR but other important flammability 

parameters, such as UL-94 rating and LOI, have not been influenced. Therefore, the 

applications of hybrid flame retardants and nano-particles have been strongly 

recommended to enhance overall fire performance of polymers, covering different 

testing conditions [113, 183-185]. Among all flame retardant additives, it has been 

shown that the combination of intumescent additives and mineral nano-particles provide 

the suitable flame retardant level for thermoplastic polymers to meet the regulatory 

standards [113, 115, 186-192]. The flame retardancy mechanism of the hybrid additive 

(a) (b) 
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system has been explained by an effective intumescent char formation on the surface of 

the polymer, which can act as a physical barrier and protect the under-laying material 

from the heat and flame. The contribution of the nano-particles in this process is to 

improve the insulating effect of the char [112]. 

However, the combined effects of intumescent flame retardants and nano-clays on fire 

and mechanical performance of the epoxy based composites have not been 

comprehensively explored. Furthermore, little has been reported on the comparison 

between the effects of the LDH and HNT on the flammability of epoxy nano-

composites. Therefore, this chapter focuses on characterising and comparing the fire 

properties of epoxy resin in the presence of LDH and HNT nano-particles. In addition, 

the combined effects of intumescent APP and the chosen nano-particles on the flame 

retardancy and mechanical properties of epoxy resin and epoxy/ glass fibre composites 

were investigated. The cone calorimeter, UL-94 vertical burn, and LOI tests were 

carried out to investigate the flammability of the prepared composites, while tensile, 

flexural and compression tests were performed to evaluate the mechanical properties. 

5.1 Composites Fabrication and Characterisation 

The silane, N-(b-aminoethyl)-c-aminopropyltrimethoxysilane, solution was selected to 

modify the surface of as received HNT and improve the interfacial adhesion of the 

nano-tubes with the resin. Firstly, 12.36 ml of acetic acid was dissolved into 600 ml of 

water to obtain 4.5 pH. Then, silane (8.2 ml) was added to the prepared aqueous 

solution after mixing with 261.6 ml of methanol. The solution was stirred at 60 ˚C using 

a ceramic magnetic bar and then 60 g of HNT was added and mixed for 5 h. The silane 

treated HNT (mHNT) was ground to obtain the powder form after drying in a freeze 

dryer (Labconco, USA) [193, 194]. 

Epoxy composites containing nano-particles (LDH or mHNT) were prepared by mixing 

the particles with the resin using the three roll mill, followed by the silicone moulding 

and curing. In addition, fibre reinforced epoxy composites were manufactured via the 

hand lay-up technique and then pressing. Chapter 3 contains the details of composites 

manufacturing processes and Table 5.1 indicates the composition of samples generated 

for this work.  
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Table 5.1 Compositions of manufactured epoxy composite samples 

Sample 
Epoxy resin/ 

Hardener 

(wt%) 

LDH 

(wt%) 

mHNT 

(wt%) 

APP 

(wt%) 

Woven 

Glass Fibre 

(wt%) 

EP 100 0 0 0 0 

EP2HNT 98 0 2 0 0 

EP2LDH 98 2 0 0 0 

EP4LDH 96 4 0 0 0 

EP6LDH 94 6 0 0 0 

EP18A2LDH 80 2 0 18 0 

EP18A2HNT 80 0 2 18 0 

EP20A 80 0 0 20 0 

EPWF 46.43 0 0 0 53.57 

EPWFAHNT 38.44 0 0.96 8.65 51.95 

EPWFALDH 38.20 0.96 0 8.59 52.25 

EPWFA 38.37 0 0 9.59 52.04 

 

The chemical composition of the HNT, mHNT and LDH nano-particles were 

characterised using the FTIR technique. Moreover, the TGA was carried out to 

characterise the thermal properties of the epoxy composite samples. The cone 

calorimeter, UL-94 vertical burn and LOI tests were also performed to evaluate the 

flammability of the composites. In addition, the tensile, flexural and compression tests 

were carried out to determine the mechanical properties of the composite samples. The 

TEM was employed to observe the dispersion of the nano-particles in the epoxy matrix. 

Furthermore, the morphology of the residue after cone calorimeter experiments and the 

tensile fractured cross-sections of the samples were analysed by the ESEM.  

5.2 Results and Discussion 

 FTIR Characterisation of Nano-Particles  5.2.1

Figure 5.2 presents the FTIR spectra of HNT, mHNT and LDH particles. It is clear that 

the positions of most bands remained unchanged after modification of HNT, suggesting 

that the silane treatment did not alter its basic structure. However, the existence of new 

weak peaks at 1419 and 1559 cm
-1 

in the spectrum of mHNT can be attributed to the 

vibration of C─N and N─H bands of the silane, respectively [195]. These results may 

indicate that silane has been successfully grafted on the surface of HNT. Regarding the 

spectrum of LDH, the absorption peaks at 2800-3000 cm
-1

 can be assigned to the 
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vibration of C─H bands due to the presence of C─H2 and C─H3 groups of intercalated 

stearate anions [196]. 

 

 

 

 

 

 

 

 

Figure 5.2 FTIR spectra of HNT, mHNT and LDH 

 

 Morphological Analysis of Epoxy Nano-Clay Composites 5.2.2

Figures 5.3 (a) and (b) show the TEM images of the EP2LDH and EP2HNT samples, 

respectively. It can be seen that both LDH and HNT particles were dispersed in the 

polymer matrix, in spite of formation of some agglomerations [197, 198]. In case of the 

composite containing LDH, it is discernible that the epoxy chains could penetrate into 

the LDH galleries to disperse the layers in the matrix, Figure 5.3 (a). For the HNT 

composite, as shown in Figure 5.3 (b), the nano-tubes were also dispersed in the epoxy 

matrix.  

 

 

 

 

 

1419 

1559 
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Figure 5.3 TEM images of (a) EP2LDH and (b) EP2HNT samples 

 

 Fire Properties 5.2.3

5.2.3.1 Epoxy Nano-Clay Composites 

Figure 5.4 shows the HRR curves of the epoxy resin and nano-clay composites, while 

Table 5.2 summarises the cone calorimeter parameters with the UL-94 and LOI tests 

results. As expected and observed in previous chapter, epoxy resin completely burnt out 

with a sharp PHRR of 1910 kW/m
2
. The addition of 2 wt% HNT to epoxy slightly 

reduced the PHRR (approximately 17 %), while the incorporation of the same loading 

level of LDH significantly decreased the PHRR (around 58 %) of the epoxy resin. The 

reduction in PHRR for the EP2HNT sample can be explained by the heat sink effect, 

which is the endothermic de-hydroxylation (at 400-550 ºC) of the nano-tubes during the 

temperature rise. The EP2HNT sample released water, cooling down the heat zone 

during the thermal decomposition, thereby diluting the fuel and volatiles. The effects of 

a heat sink and fuel dilution by HNT on the flammability reduction of thermoplastic 

polymer composites have also been reported in the literature [110, 194].  

Layers of LDH 

Dispersed nano-tubes 
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Figure 5.4 Heat release rate curves versus time of epoxy resin and nano-clay composites at 50 kW/m
2
 

external heat flux 

 

Table 5.2 Cone calorimeter parameters, UL-94 and LOI results of epoxy resin and nano-clay composites 

Sample 

Time to 

ignition  

(s) 

Peak heat 

release rate 

(kW/m
2
) 

Total heat 

release 

(MJ/m²) 

UL-94  

Rating 

Limiting 

oxygen index 

(%) 

EP 21 ± 2 1910 ± 185 84.4 ± 1.7 No Rating 22.1 ± 0.2 

EP2HNT 20 ± 2 1591 ± 68 90.7 ± 1.5 No Rating 19.5 ± 0.2 

EP2LDH 21 ± 1 803.4 ± 27.7 87.5 ± 4.6 No Rating 21.6 ± 0.2 

EP4LDH 22 ± 2      861.1 ± 8.6 85.4 ± 3.8 No Rating 20. 6± 0.2 

EP6LDH 20 ± 1 791 ± 33.6 82.9 ± 3.5 No Rating 19.7 ± 0.3 

EP18A2LDH 20 ± 2 239.7 ± 12.2 30.3 ± 3.5 V-0 33.2 ± 0.2 

EP18A2HNT 20 ± 3 245.5 ± 10.7 26.2 ± 1.8 V-0 32.7 ± 0.2 

EP20A 22 ± 2 312.6 ± 12.7 30.8 ± 1.2 V-0 32.6 ± 0.3 

 

The EP2LDH (2 wt% LDH) sample also demonstrates the positive effect of LDH on the 

decrease in PHRR. Compared to the EP2HNT, the significantly lower PHRR was 

obtained as the LDH can form a ceramic-like char on the surface of the sample. During 

exposure to heat, the LDH nano-particles can migrate to the sample surface and yield a 

char layer (physical barrier), which can protect the underlying material from the heat 

and flame, thus limiting the combustion. Figures 5.5 (a) and (b) present the side views 
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of the EP2LDH and EP2HNT samples, respectively, at the end of the tests. It can be 

clearly observed that the composite in the presence of LDH nano-particles produced a 

large intumescent char layer, whereas the sample including HNT completely burnt out. 

On the other hand, the cone calorimeter tests of the epoxy containing 4 and 6 wt% LDH 

have indicated that the increase in the LDH content does not affect the PHRRs. At the 

higher loading levels, the agglomerations of the LDH nano-particles may limit the 

migration of the particles to the surface of the sample to form the char layer. In 

addition, as shown in Table 5.2, the THR values of the neat epoxy resin were similar 

with those of the blends. This behaviour was also observed for nano-composites in 

previous studies [199, 200] and can be explained by the slow but prolonged combustion 

of the resin in the presence of nano-additives. 

Figure 5.5 Side views of (a) EP2LDH and (b) EP2HNT nano-clay composites after cone calorimeter tests 

 

On the other hand, the UL-94 and LOI test results in Table 5.2 show the trivial effects 

of nano-clays on the flammability of the epoxy composites. In particular, every sample 

could not achieve any vertical burn rating in spite of the reduction in HRR. This can be 

explained by the fact that the aforementioned flame retardant mechanism of LDH 

cannot be applied to provide the self-extinguishing behaviour for the composites when 

they are directly exposed to a flame. Furthermore, the slight decrease in the LOI value 

of epoxy resin is observed with the incorporation of the nano-particles. The introduction 

of the nano-clays can increase the viscosity of the polymer during the decomposition 

process and fix more material in the pyrolysis zone, which consequently can expedite 

the combustion of the sample and reduce the LOI value [201, 202].  
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According to the results of the UL-94 and LOI tests, it is necessary to enhance the 

flame retardancy of the epoxy nano-clay composites. In this work, the intumescent APP 

was used to improve the fire properties of the epoxy composites and the total loading 

level of the additives (APP and nano-clays) was fixed to 20 wt%, since previous 

researches showed that this concentration could provide suitable fire properties for 

epoxy composites [203-205].  

Figure 5.4 shows that an addition of 18 wt% APP to the EP2LDH and EP2HNT 

samples resulted in approximately 70 and 84 % reductions, respectively, in the PHRRs 

of the composites. This significant reduction of the flammability can be attributed to the 

intumescent char formation by APP [30, 203, 206]. Moreover, the EP18A2LDH and 

EP18A2HNT samples showed the similar trend of HRR curves with the PHRR values. 

This can be due to the dominant effect of APP to improve the flame retardant properties 

of the composites. The role of nano-particles, such as LDH and HNT, in the samples 

containing APP is to enhance the barrier effect of the intumescent char against the heat 

and flame [112, 115]. The results also demonstrate that the PHRR of the EP18A2LDH 

and EP18A2HNT samples containing nano-particles are lower compared to that of the 

epoxy composite filled only with APP, most likely due to the more effective char 

formation in the presence of both APP and nano-clays. 

Figures 5.6 (a), (b) and (c) present the scanning electron micrographs of the char (outer 

surface) obtained from the EP20A, EP18A2HNT and EP18A2LDH samples, 

respectively, after the cone calorimeter tests. Comparing the morphologies of the char 

demonstrates that the char obtained from the EP18A2HNT has a more compact 

structure compared to those of the EP20A and EP18A2LDH samples and hence, more 

effectively limits the heat and oxygen transfer to the underlying material. The total heat 

released by the EP18A2HNT sample was also lower than those of the EP18A2LDH and 

EP20A (Table 5.2), because of the higher efficacy of the char to restrict the combustion 

process. On the other hand, the char of the EP18A2LDH exhibited an irregular surface 

with micron sized holes. Even though the EP18A2LDH sample created such a porous 

char structure during combustion, the significant decrease in the PHRR was observed as 

the release of H2O and CO2 gases from the decomposition of LDH can promote the 

intumescent behaviour of the char and also dilute the oxygen concentration.  
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In addition, both EP18A2HNT and EP18A2LDH samples achieved a V-0 rating and 

showed noticeable improvement in the LOI due to the combined effects of APP and 

nano-clays on the char formation. In particular, the established gas-phase and 

condensed-phase flame retardant behaviour of LDH and APP, respectively, played an 

important role in obtaining a slightly lower PHRR and higher LOI of the EP18A2LDH 

than those of the EP18A2HNT. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 SEM images of char surface for (a) EP20A, (b) EP18A2HNT and (c) EP18A2LDH samples 

after cone calorimeter testing 

 

5.2.3.2 Fibre Reinforced Epoxy Composites 

Figure 5.7 illustrates the HRR curves of the fibre reinforced composites and Table 5.3 

demonstrates the results of the cone calorimeter, U-94 and LOI tests. In general, the 

fibre reinforced composites released significantly lower heat as compared to those of 

the blends, obviously due to the decreasing flammable epoxy content. In addition, glass 

fibres absorb a significant amount heat, since they do not melt or degrade under the 

radiant heat (approximately 750 ºC) [38, 207]. The observed fluctuations in the HRR of 

the reference epoxy/glass fibre composite during the test can be related to the layered 

(a) 

(b) (c) 
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structure of the composite. Similar to the epoxy blends, the incorporation of APP 

decreased the PHRR of the reference composite (from 453.5 kW/m
2
) by approximately 

36 % as a result of the intumescent char formation. However, a second peak appeared at 

around 200 kW/m
2
 for the EPWFA composite, which might be attributed to the 

breakage of the char and the thermal feedback from back surface of the sample. It is 

also noteworthy that the intumescent behaviour of the char decreased in the presence of 

the glass fibre plies as they maintained their layered structure during the radiant heat 

exposure. Moreover, further reductions in the first and second PHRRs of the EPWFA 

composite were observed with the addition of nano-particles. The reason for the 

decrease in the HRR of the composite was the improvement of the shielding effect of 

the char surface layer by the nano-particles. Similar PHRR values were recorded from 

the composites containing LDH and HNT, even though the second peak was lower for 

the composite including HNT, due to the more compact structure of the char in the 

presence of HNT, Figure 5.6 (b), and its higher resistance against the external heat flux. 

As the result of the lower second peak of HRR, the THR value of the EPWFAHNT 

sample was also lower compared to that of the EPWFALDH. Furthermore, the UL-94 

and LOI results indicated that the self-extinguishing behaviour of the fibre reinforced 

composites was considerably enhanced in the presence of the additives.  

 

 

 

 

 

 

 

 

 

Figure 5.7 Heat release rate curves as a function of time for fibre reinforced epoxy composites at 50 

kW/m
2
 heat flux 
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Table 5.3 Cone calorimeter data and results of UL-94 and LOI tests for fibre reinforced epoxy composites 

Sample 

Time to 

ignition  

(s) 

Peak heat 

release rate 

(kW/m
2
) 

Total heat 

release 

(MJ/m²) 

UL-94  

Rating 

Limiting 

oxygen index 

(%) 

EPWF 21 ± 2 453.5 ± 36 36.2 ± 0.8 No Rating 22.1 ± 0.2 

EPWFA 20 ± 2 290.4 ± 17.2 32.2 ± 2.1 V-1 32 ± 0.3 

EPWFALDH 21 ± 1 258.7 ± 17.7  22.6 ± 2.1 V-1 31.7 ± 0.2 

EPWFAHNT 22 ± 2 262 ± 8.4 18.4 ± 5 V-1 31.4 ± 0.3 

 

5.2.3.3 Flame Retardant Mechanisms 

It has been proposed that the fire reaction properties of the epoxy composite containing 

LDH was enhanced due to the migration of LDH particles to the surface of the sample, 

forming a protective ceramic-like char. As the temperature increased under the cone 

heater, the decomposition of polymer and formation of volatile products gradually led 

to a pressure build-up inside the sample. The rising bubbles of the decomposition 

products pushed the LDH particles toward the surface of the composite. At higher 

temperatures, the LDH particles started to decompose to metal oxide, H2O and CO2. 

The metal oxide residues covered the surface of the sample and acted as a physical 

barrier against heat and fire to protect the under-lying polymer from further 

decomposition. In the meantime, the released H2O and CO2 helped the formed char to 

expand and swell [108, 208]. In the case of the composites containing both APP and 

nano-particles, the decomposition of APP and intumescent char formation was the main 

flame retardant mechanism. Furthermore, the LDH and HNT particles could enhance 

the formed intumescent char in two different ways. Figures 5.8 (a) and (b) present 

schematic illustrations of the intumescent char formation process for the epoxy 

composites containing APP/LDH and APP/HNT, respectively. The aforementioned 

charring effect of LDH provided an additional barrier for the intumescent char, further 

improving its insulating properties. The released H2O and CO2 gases from the LDH 

could also enhance the intumescent behaviour of the char and dilute the oxygen 

concentration above the sample. However, the HNT particles physically reinforced the 

intumescent char by providing an aluminosilicate skeleton frame, as has been reported 

previously [112]. The nano-tubes with large aspect ratio could bridge and make a 

network to enhance the stability of the intumescent char at high temperatures.  
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Figure 5.8 Schematic illustrations of intumescent char formation process in (a) APP/LDH and (b) 

APP/HNT epoxy composites 

 

 TGA 5.2.4

Figures 5.9 (a) and (b) demonstrate the TG and DTG curves, respectively, of pure 

epoxy resin, the nano-particles and composites in a nitrogen atmosphere. The TG 

curves in Figure 5.9 show that the main decomposition step of epoxy resin occurs at the 

temperature range of 300- 450 ºC due to the chain scission and fragmentation of epoxy. 

Furthermore, the main decomposition of LDH (~ 60 % weight loss) takes place 

approximately between 250 and 500 ºC as the result of de-hydroxylation and 

decomposition of organic species [169, 209] but HNT is relatively stable up to 800 ºC 

and shows only around 13 % weight reduction at the temperature range of 400-550 ºC 

because of de-hydroxylation. Regarding the thermal decomposition of the composites, 

the composites containing APP start to decompose earlier than the neat epoxy due to the 

lower decomposition temperature of APP compared to that of the resin matrix. 
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However, the composites show higher amounts of residue (lower weight reduction) 

over approximately 370 ºC due to the formation of protective intumescent char during 

thermal decomposition. In addition, the partial substitution of APP with LDH leads to 

the higher weight reduction of the EP18A2LDH composite above 370 ºC compared to 

that of the sample containing only APP (EP20A). This behaviour could be correlated to 

the thermal degradation of the LDH nano-particles and the release of H2O and CO2 

gases, which would accelerate the decomposition of the composite. However, the 

relatively high thermal stability of HNT particles served to improve the thermal 

insulation of the char and increase the residue mass from the sample (EP18A2HNT) at 

high temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 (a) TG and (b) DTG curves of pure epoxy, nano-particles and composites in nitrogen 

atmosphere 

(a) 

(b) 
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The TG and DTG curves of the fibre reinforced composites are illustrated in Figures 

5.10 (a) and (b), respectively. It can be seen that the onset decomposition temperature 

of epoxy/glass fibre composite decreases but its thermal stability increases at high 

temperatures (over approximately 370 ºC) in the presence of APP (similar to the 

behaviour of the composites without fibre). In addition, the composite containing APP 

and HNT unexpectedly exhibited higher weight reduction (lower thermal stability) at 

high temperatures compared to that of the composite filled only with APP. This lower 

thermal stability can be attributed to the trapping of HNT particles between the glass 

fibre plies, which hinders the thermal insulating effect of the particles on the formed 

char compared to the samples without fibres. In general, the composite samples 

generated higher volume of residue in the presence of the glass fibres at the end of the 

tests, since glass fibres are completely stable at this temperature range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 (a) TG and (b) DTG curves of fibre reinforced epoxy composites in nitrogen atmosphere 

(b) 

(a) 
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 Mechanical Properties 5.2.5

Table 5.4 summarises the tensile, flexural and compression properties of the epoxy 

resin and its composites. The incorporation of APP and nano-particles reduced the 

mechanical strengths of epoxy resin, but slightly improved the moduli of the resin. The 

reduction in the mechanical strengths can be attributed to the incompatibility of the 

APP particles with the polymer matrix [157, 206]. On the other hand, the possible 

reduction of the inter-particles distances by the application of additives can improve the 

deformation resistance and moduli of the samples [210, 211]. Furthermore, there are not 

significant differences between the mechanical properties of the EP18A2LDH and 

EP18A2HNT and those of the EP20A, since APP is the main additive and possibly 

hinders the reinforcing effects of the nano-particles. Moreover, as expected, the addition 

of glass fibre reinforcement significantly improved the mechanical properties of the 

composites. The fibre reinforced composites containing additives showed similar 

tensile, flexural and compression properties compared to those of reference composite 

without any additives. However, the tensile properties of the epoxy/glass fibre 

composite slightly decreased by incorporation of APP and LDH. This reduction can be 

correlated to the increased viscosity of the resin in the presence of the two dimensional 

LDH nano-particles and consequently decreased interfacial bonding between the resin 

and fibres. Figures 5.11 (a) and (b) present scanning micrographs of the fractured cross-

sections of the EPWF and EPWFALDH composites, respectively, produced under 

tensile loading. It is clearly seen that the fractured surface of the EPWFALDH sample 

shows more fibre pull-out compared to that of the EPWF composite and this indicates 

the lower interfacial bonding between the resin and fibre when APP and LDH are 

incorporated. Overall, the results demonstrate that the reinforcing fibres play the 

dominant role to determine the mechanical properties of fibre composites.  
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Table 5.4 Tensile, flexural and compression properties of epoxy resin and composites  

Sample 

Tensile 

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Flexural 

Modulus 

(GPa) 

Compression 

Strength 

(MPa) 

EP 58.8 ± 1.2 102 ± 4.4 3.05 ± 0.06 3.43 ± 0.15 - 

EP18A2LDH 41.1 ± 0.9 73.3 ± 2.3 3.60 ± 0.25 3.63 ± 0.07 - 

EP18A2HNT 39.5 ± 1.1 73.7 ± 3.3 3.60 ± 0.10 3.61 ± 0.14 - 

EP20A 41.3 ± 1.2 70.9 ± 2.0 4.07 ± 0.24 3.83 ± 0.13 - 

EPWF 399.5 ± 14.8 401.6 ± 14.2 18.8 ± 0.9 14.7 ± 0.4 284.2 ± 23.9 

EPWFALDH 342.4 ± 4.8 397 ± 2.4 16.2 ± 0.6 14.7 ± 0.1 273.7 ± 9.7 

EPWFAHNT 394.7 ± 12.0 438.2 ± 11.5 17.9 ± 0.6 15.3 ± 0.3 278 ± 7.3 

EPWFA 385.2 ± 10.2 418.4 ± 13.3 17.9 ± 0.3 15.1 ± 0.3 291.6 ± 6.9 

 

 

 

 

 

 

 

 

Figure 5.11 SEM images of tensile fractured cross-sections: (a) EPWF and (b) EPWFALDH samples 

 

5.3 Concluding Remarks 

This chapter focussed on comparing the fire and mechanical properties of epoxy 

composites containing LDH and HNT. The results showed that the fire performance of 

the epoxy nano-clay composites was insufficient to achieve any vertical burn rating and 

enhance the LOI value. However, as expected, the incorporation of APP and nano-

particles significantly enhanced the flame retardancy and thermal stability of the epoxy 

resin and epoxy/glass fibre systems. The tensile and flexural strengths of the resin 

reduced in the presence of additives, while both moduli slightly improved. Insignificant 

changes were observed in the mechanical properties of fibre reinforced composites with 

the incorporation of the additives (APP and nano-particles). However, when APP was 

added, the epoxy composites containing APP/HNT and APP/LDH demonstrated similar 

Resin 

Fibre pull-out Fibre pull-out 

 

(a) (b) 
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trends of fire properties in the cone calorimeter, vertical burn and LOI tests. The 

samples including HNT, however, showed lower THR values compared to those of the 

samples containing LDH. The tensile properties of the glass fibre epoxy composite 

filled with APP/HNT were also slightly higher than those of the composites containing 

APP/LDH. By considering the lower price of HNT (~1.5 USD/kg) in comparison to 

those of LDH (~180 USD/kg) and APP (~55 USD/kg), it can be concluded that the 

application of HNT is more effective for the design of flame retardant and mechanically 

sound composites. Reducing the materials cost can also be beneficial for the mass 

productions and industrial applications of the composites.  

 

 

 

 

 

 

 



 

Chapter 6                                                                                               Tensile Properties     

102 

 

Chapter 6 Tensile Properties at Elevated 

Temperatures 

 

Glass fibre, due its excellent toughness and strength, is one of the most commonly used 

synthetic fibre reinforcements to manufacture polymer composites [212, 213]. 

However, non-biodegradability and poor recyclability of synthetic fibres have induced 

serious disposal problems at the end of the composites’ life cycles. Hence, the 

environment-friendly natural fibres have drawn attention as replacements of the 

synthetic fibres in the composites field, as mentioned in chapter 2 [214, 215]. Flax fibre, 

as a lignocellulosic fibre, has shown superior mechanical performance over other 

natural fibres and can provide higher specific strength and modulus compared to those 

of the glass fibre, since it has lower density [35, 41]. Therefore, the composites, 

reinforced with the glass and flax fibres, are studied and compared in this chapter. 

The degradation in the mechanical properties of fibre reinforced polymer composites 

during and after heat/fire exposure was discussed in the literature review chapter. It has 

been generally reported that the strength and modulus of the polymer composites 

significantly reduce when the temperature reaches the glass transition temperature (Tg) 

of the matrix. The deterioration is due to the change in the molecular structure of the 

polymer matrix at Tg, which consequently decreases the load transferring capability of 

the matrix [216]. At higher temperatures, the decomposition of the polymer leads to the 

further reduction in the mechanical properties of the composite [152]. However, the 

commonly used synthetic reinforcing fibres, such as glass and carbon fibres, can retain 

their mechanical properties at high temperatures (up to ~500 ºC) [131, 217]. In contrast, 

natural fibres (due to the higher organic content) have lower thermal stability and 

hence, lose their strength values at lower temperatures (200-250 ºC for the plant fibres) 

[134]. Moreover, as mentioned in the literature review chapter, the application of flame 

retardant additives is a common technique to improve the fire resistance and thermal 

stability of the polymer composites. 

The previous chapters (chapters 4 and 5) have identified that the intumescent flame 

retardant systems possess substantial efficiency to enhance the flame retardancy of the 
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composites without significantly affecting the mechanical properties. However, the 

effects of such additives on the tensile properties of composites at high temperatures 

have not been fully investigated. Furthermore, most of the reported tensile tests at 

elevated temperatures have been conducted on the synthetic carbon, glass and basalt 

fibre composites [152, 216, 218-222]; even though, few research works have focused 

on the effects of high temperatures on the tensile properties of natural fibre composites. 

Recently, Bhat et al. [223] have reported the effects of thermal degradation of natural 

fibres on the polymer composites’ tensile properties during the fire exposure, but only 

one side of the composites were exposed to fire and the effects of flame retardants were 

not investigated. Nowadays, natural fibre composites are getting increasingly used for 

infrastructure applications and they may face high temperature conditions during the 

service life. As a result, it is important to evaluate their mechanical properties at 

elevated temperatures. Hence, the aim of this chapter is to investigate and compare the 

tensile properties of glass and flax fibre epoxy composites at elevated temperatures 

using a novel in-situ arrangement of an infrared furnace, which heat can be uniformly 

distributed around the specimen (as explained in section 3.3.7.6) . In addition, the 

effects of APP, as an intumescent additive, on the fire and tensile properties of the 

composites are investigated. It needs to be highlighted that this work focuses on the 

composites for aerospace applications. Thus, the fire properties have been evaluated 

according to the FAR 25.853 to identify the potential applications for the manufactured 

epoxy composites in the aviation industry.  

6.1 Composites Fabrication and Characterisation      

The glass (300 g/m
2
 areal density, eight layers) and flax (145 g/m

2
 areal density, nine 

layers) fibre composites were prepared using the hand lay-up method (detailed 

procedure is in chapter 3). For manufacturing the composites containing APP, the resin 

was mixed with the APP particles before the fibre impregnation and the weight fraction 

of APP to resin was fixed at 1:5. The glass and flax fibre composites (35.6 ± 2 % fibre 

volume fraction) were labelled EPG and EPF, respectively, and EPGAPP and EPFAPP 

were used to name the glass and flax fibre composites containing APP. 

The weight reduction and weight loss rate of the composites were measured by TGA. 

The cone calorimeter tests were also performed at 35 kW/m
2
 and vertical position of the 
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cone heater to measure the heat and smoke releases of the composites. Moreover, the 

vertical burning tests were carried out to assess the burning behaviour of the composites 

according to FAR 25.853. Furthermore, the composite specimens were subjected to the 

tensile load at high temperatures temperatures to determine their tensile properties. 

6.2 Results and Discussion  

 TGA 6.2.1

Figures 6.1 (a) and (b) illustrate the TG and DTG curves, respectively, of pure epoxy 

resin, fibre reinforcements and the composites in a nitrogen atmosphere. The TG curves 

in Figure 6.1 show that the main step of decomposition of epoxy resin takes place 

between 300 and 450 ˚C as the result of chain scission and fragmentation of epoxy, as 

presented in chapters 4 and 5 [224]. Moreover, the main decomposition of flax occurs 

between approximately 270 ˚C and 400 ˚C because of the thermal decomposition of the 

cellulosic structures, whereas the glass fibre is completely stable up to 800 ˚C. Epoxy 

resin containing 20 % weight fraction of APP (EPAPP) starts to decompose (at around 

280 °C) earlier than neat epoxy due to the lower decomposition temperature of APP 

relative to that of the resin matrix. However, epoxy resin shows the higher amount of 

residue over approximately 370 °C in the presence of APP because of the formation of 

the protective intumescent char as a physical barrier against the thermal decomposition 

[225].  

In the case of composites, it has been shown that the flax fibre composites have lower 

onset decomposition temperatures and also higher rates of decomposition compared to 

those of the glass fibre composites. This may be attributed to the lower thermal stability 

of the flax fibre in comparison to that of the glass fibre. It is noticeable that the 

EPGAPP and EPFAPP composites also show earlier onset decomposition temperatures 

and higher amounts of residue compared to those of the composites without APP 

(similar behaviour to that of the EPAPP sample). A comparison of the residues at the 

end of the tests also reveals that the glass fibre composites have higher residues than 

those for the flax fibre composites. 
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Figure 6.1 (a) TG and (b) DTG curves of pure epoxy, fibres and composites in nitrogen atmosphere 

 

(a) 

(b) 
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 Cone Calorimeter Test 6.2.2

Figure 6.2 illustrates the HRR and PHRR of the composites during the cone calorimeter 

tests and Table 6.1 summarises the selected cone calorimeter results. Similar to the 

previous observations by Chai et al. [38], the flax fibre composite expectedly shows 

higher PHRR compared to its glass fibre counterpart due to the flammable characteristic 

of a flax fibre versus the high thermal stability of the glass fibre. The recorded 

fluctuations in the HRR during the tests for the glass and flax fibre composites might be 

attributed to the layered structure of the composites. 

 

 

 

 

 

 

 

 

Figure 6.2 Heat release rate curves of fibre reinforced epoxy composites at 35 kW/m2 

 

Table 6.1 Cone calorimeter results of fibre reinforced epoxy composites at 35 kW/m2 

Sample 
TTI 

(s) 

PHRR 

(kW/m
2
) 

THR 

(MJ/m²) 

SPR
 

(m
2
/s) 

EPF 16 ± 2 619.6 ± 24.5 68.5 ± 1 0.087 ± 0.007 

EPG 34 ± 3 421.2 ± 35.1 37.8 ± 1 0.056 ± 0.007 

EPFAPP 25 ± 3 269.4 ± 14.4 40.2 ± 4.2 0.015 ± 0.003 

EPGAPP 20 ± 2 269.2 ± 27.9 23. 7± 3.3 0.012 ± 0.002 

 

It is interesting that the similar PHRRs were recorded for both glass and flax fibre 

composites after the incorporation of APP. It is known that flax fibre is mostly 

composed of cellulose, which is rich of hydroxyl groups. APP also releases 
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polyphosphoric acid and non-flammable gases (ammonia and water vapour) upon its 

thermal decomposition. The possible chemical reactions between the polyphosphoric 

acid from the decomposition of APP and hydroxyl groups of flax fibre can promote the 

intumescent char formation on the surface of the composite [40]. The intumescent char 

formed under the heat radiation can reduce the heat transfer from the heat source to the 

composite and mass transfer from the composite to the heat source and enhance the 

flame retardancy of the composite. Thus, the PHRR of the flax fibre composite dropped 

approximately 55 % (from 619.6 kW/m
2 

to 269.4 kW/m
2
) by the incorporation of APP. 

The second PHRR at around 185 kW/m
2
 can be attributed to the char breakage during 

the heat exposure. In contrast, the glass fibre maintains the initial layered structure 

without any reaction with APP during the test, thus it does not contribute in the 

intumescent char forming action of the composite [206]. The chemical reactions 

between APP and epoxy resin at a high temperature lead to the char formation and drop 

the PHRR of the glass fibre composite approximately 36 % (from 421.2 kW/m
2
 to 

269.2 kW/m
2
). On the other hand, the absence of the second PHRR for the glass fibre 

composite containing APP can be attributed to the formation of char in the presence of 

glass fibre plies. The glass fibre can act as an additional barrier to char so as to inhibit 

the heat transfer between the cone heater and underlying material. Hence, the lower 

HRR after the peak point is obtained from the glass fibre composite compared to one 

for the flax fibre composite. 

Mass loss curves of the composites during the test, Figure 6.3, also indicate the char 

formation. The EPGAPP composite shows the highest mass of residue due to the 

presence of the glass fibre, whereas the EPFAPP sample demonstrates the significant 

increase in the amount of residue at the end of the test in comparison to one of the EPF 

composite. In addition, Figures 6.4 present the side views of the residues after the cone 

calorimeter experiments. As shown in the Figures 6.4 (a) and (b), the glass and flax 

fibre composites, respectively, entirely burnt out without remaining any char layer on 

the surface. On the contrary, the char layers are observed on the surface of the 

composites containing APP. It is obvious that the EPFAPP composite formed the more 

intumescent char, Figure 6.4 (d), than that of the EPGAPP composite, Figure 6.4 (c), 

because of the aforementioned reaction between the flax fibres and APP. Overall, APP 

as a flame retardant additive has higher efficacy to reduce the PHRR of the flax fibre 

composites compared to those of the composites with glass fibres.  
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Figure 6.3 Mass loss curves of fibre reinforced composites during cone calorimeter tests at 35 kW/m2 

 

 

 

 

 

 

Figure 6.4 Side view photographs of cone calorimeter specimens after the experiments: (a) EPG, (b) EPF, 

(c) EPGAPP and (d) EPFAPP 

 

Furthermore, Table 6.1 shows that the THR and SPR values of the composites are 

dramatically reduced by the addition of APP as the result of char formation. It can also 

be observed that the flax fibre composite shows higher reductions of THR and SPR 

values compared to those of the glass fibre composite with the incorporation APP. This 

indicates that APP performs very well with respect to limiting the combustion of flax 

fibre composite.  

(a) (b) 

(c) (d) 
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 Vertical Burning Test 6.2.3

Table 6.2 displays the results of the vertical burning tests of the composites. The flax 

fibre specimen has longer burning time and length compared to those of the glass fibre 

composite since the flax fibre is more combustible. The inclusion of APP notably 

reduced the burning lengths and times of the composites after the removal of Bunsen 

burner flame. Hence, the composites containing APP could successfully pass the FAR 

test. The protective char formed by APP hindered the flame spread and then led to the 

flame extinguishment. In addition, it was observed that the combined effect of APP and 

flax fibres was more effective on reducing the flammability of the composites compared 

to the combination of the flame retardant and glass fibres. 

Table 6.2 Vertical burning test results according to FAR 25.853 60 s  

Sample Burning Length (mm) Burning Time (s)
 

Dripping 

EPF 245 132 No 

EPG 124 213 No 

EPFAPP 59 14 No 

EPGAPP 72.5 15 No 

 

It may be concluded that the fire resistance of the composites expectedly improved with 

the inclusion of flame retardant additive. However, composite structures are often 

exposed to moderate thermal conditions during their life cycles and this can influence 

their thermo-mechanical properties. Therefore, the following part of this study is 

focused on the tensile properties of the glass and flax fibre composites during the heat 

exposure. 

 Tensile Test 6.2.4

6.2.4.1 Tensile Properties of Glass Fibre Composites 

Figures 6.5 (a) and (b) present the tensile strengths and moduli, respectively, of the 

glass fibre epoxy composites as a function of temperature. It can be observed that the 

composites with and without APP have similar tensile strength values (approximately 

350 MPa) at room temperature (21 ºC) since the mechanical properties of the 

composites are mainly determined by the reinforcing fibres (as discussed in previous 

chapters). However, the strengths of both composites significantly dropped (by around 
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50 %) at 100 ºC. This reduction can be explained by softening of the epoxy matrix at 

the Tg (around 60 ºC). As a consequence, the capability of the resin to transfer the load 

between the fibres decreased when the temperature exceeded the Tg of the matrix. 

Increasing the test temperature from 100 to 200 and 300 ºC, did not considerably 

influence the strength of the epoxy/glass fibre composite since the resin did not 

experience thermal decomposition within this temperature range. The composite filled 

with APP, however, showed a major reduction in its strength at 300 ºC. The reduction 

can be attributed to the effect of APP in destabilising the resin. It has been discussed in 

previous chapters that the resin in the presence of APP starts to decompose at earlier 

temperatures (approximately 280 ºC in comparison to 300 ºC for the pure resin) and this 

can adversely affect the bonding between the resin and fibres and decrease the strength. 

The main decomposition of epoxy resin, between 300 and 400 ºC, resulted in further 

decrease in the strengths of the composites at 400 ºC but more severely for the 

composite containing APP. 

The moduli of the composites also reduce by increasing the temperature, even though 

the magnitudes of reductions are lower for the moduli compared to those of the 

strengths. This can be due to the fact that the modulus is calculated at the beginning of 

the test, while the tensile strength is considered as the failure point at the end of the test. 

Additionally, modulus is not so dependent on the interfacial strength that affects the 

strength value severely.  

Figure 6.6 presents the composites after the tests at room temperature and 400 ºC. As 

shown, the composites tested at room temperature failed due to the breakage of the 

fibres, while the matrix decomposition and lack of bonding between the fibres caused 

the failure of the composites at 400 ºC. Comparing the composites with and without 

APP at 400 ºC demonstrates the more fibres breakage in the composite without APP 

and this may suggest that more load was carried out by the fibres before failure. On the 

other hand, the APP accelerated the decomposition of the resin and created more char 

on the surface of the composite.     
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Figure 6.5 (a) Tensile strength and (b) tensile modulus of glass fibre epoxy composites at room and 

elevated temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.6 Glass fibre epoxy composites after failure under tensile load at 21 and 400 ºC 

Epoxy/Glass fibre at 21 ºC 

Epoxy/Glass fibre/APP at 21 ºC 

Epoxy/Glass fibre at 400 ºC 

Epoxy/Glass fibre/APP at 400 ºC 

(a) 

(b) 

EPG 

EPGAPP 

EPG 

EPGAPP 
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6.2.4.2 Tensile Properties of Flax Fibre Composites 

The tensile strengths and moduli of the flax fibre epoxy composites at various test 

temperatures are shown in Figures 6.7 (a) and (b), respectively. As expected, the tensile 

properties of the flax fibre composites are lower compared to those of the glass fibre 

composites at room temperature due to the lower strength and stiffness of flax fibre 

compared to those of glass fibre. The tensile properties of the flax fibre composites 

progressively decreased by increasing the temperature because of the glass transition 

softening of the resin and also thermal softening and structural degradation of the fibres 

[226, 227]. At 100 ºC, the composites could retain only around 25 and 13 % of the 

initial strengths and moduli, respectively. These significant reductions in the tensile 

properties of the composites may be attributed to the combination of resin softening and 

also dehydration of the fibres, which reduces their load bearing capacity. Further 

reductions in the strengths and moduli of the composites occurred by increasing the 

temperature to 250 ºC mainly due to the thermal softening and structural degradation of 

the fibres. These results indicate that the flax fibre composites lose most of their initial 

tensile properties (~95 %) within 250 ºC, before the decomposition of the fibre and 

resin commence at approximately 270 and 300 ºC, respectively.  

In addition, there are not considerable differences between the tensile properties of the 

composites with and without APP. However, at 250 ºC, the composite containing APP 

exhibits lower tensile strength compared to that of the composite without APP. The 

possible reaction between the polyphosphoric acid (from APP) and the hydroxyl groups 

of flax fibres, starting at around 250-270 ºC, can reduce the stability of the fibres and 

decrease the strength of the composite [203]. Figure 6.8 shows the fractured flax fibre 

composites after the tests at room temperature and 250 ºC. The thermal degradation of 

the composites at 250 ºC can be clearly observed as compared to the composites tested 

at room temperature. 
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Figure 6.7 (a) Tensile strength and (b) tensile modulus of flax fibre epoxy composites at room and 

elevated temperatures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.8 Flax fibre epoxy composites after failure under tensile load at 21 and 250 ºC 

Epoxy/Flax fibre at 21 ºC 

Epoxy/Flax fibre/APP at 21 ºC 

Epoxy/Flax fibre at 250 ºC 

Epoxy/Flax fibre/APP at 250 ºC 

(a) 

(b) 

EPF 

EPFAPP 

EPF 

EPFAPP 
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6.3 Concluding Remarks 

The research described in this chapter was aimed at comparing the thermal 

characteristics and tensile properties (at elevated temperatures) of epoxy composites 

reinforced with glass and flax fibres. Regarding the fire properties, the inclusion of APP 

enhanced the flame retardancy of the composites. APP in the flax fibre composites 

performed better to reduce the PHRR and flammability than the glass fibre ones due to 

the intumescent char formation by the interaction between APP and the flax fibres. 

The comparison between the tensile properties of the glass and flax fibre composites at 

elevated temperatures demonstrated that there were significant reductions in the tensile 

strengths and moduli of both composites at 100 ºC due to the glass transition softening 

of the resin. However, an additional reduction was observed in the tensile properties of 

the flax fibre composites at 100 ºC because of the dehydration of the fibres. The tensile 

properties of the glass fibre composite remained almost unchanged in the temperature 

range of 100 to 300 ºC but slightly reduced at 400 ºC, as the result of resin 

decomposition. In contrast, the flax fibre composite retained only 5 % of its initial 

tensile properties at 250 ºC because of the thermal softening and structural degradation 

of the flax fibres. An addition of APP to the composites led to the further decrease in 

the tensile properties of the composites over 250 ºC.    
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Chapter 7 Post-Heating Impact Properties 

 

The fire and quasi-static mechanical properties of epoxy composites have been 

evaluated in chapters 4, 5 and 6. Impact properties of composite materials are also 

important, especially when they are used in aircraft structures and infrastructure 

components because they may encounter impact loadings during their usage [135]. 

Therefore, the impact damage tolerance and resistance of polymer composites are 

essential to understand to realise better applications of these materials. It has been 

reported that the impact damage process of woven glass fabric epoxy composites can be 

reconstructed by comparison between load-deflection curves, energy profile diagrams 

and images of damaged specimens [228]. Moreover, it has been presented that crack 

initiation and perforation are the two types of impact failure modes for woven glass 

fibre epoxy composites [229], while the flax fibre epoxy composites start to fail as 

micro-cracks progress to larger cracks before the perforation happens at the end [230]. 

The damage behaviour of glass, carbon and hybrid (glass and carbon) fibre reinforced 

epoxy composites under impact loads has been compared by Hosseinzadeh et al. [231] 

and among these, the carbon fibre composites have exhibited the best impact resistance 

under low velocity impacts. Furthermore, Ling et al. [232] have found that the 

maximum impact force for the glass fibre composites are higher compared to those of 

the flax fibre composites. In addition, the effects of heat and temperature on the impact 

properties of the synthetic fibre reinforced polymer composites have been reported in 

the literature review chapter. Overall, it has been shown that the structure of the 

composite and consequently the impact parameters (such as maximum impact force, 

deflection and absorbed impact energy) are influenced by the application of heat. 

However, the literature shows that very little work has been reported on the 

investigation of the impact behaviour of heat damaged natural fibre composites. 

Therefore, the present study aims at characterising and comparing the post heating low 

velocity impact properties of the glass and flax fibre reinforced epoxy composites. The 

results of this research can be useful for designing appropriate composite structures that 

might be exposed to heat and impact conditions during their applications.  
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7.1 Composites Fabrication and Characterisation 

The hand lay-up technique was implemented to manufacture the glass (300 g/m
2
 areal 

density) and flax (145 g/m
2
 areal density) fibre composites, as detailed in chapter 3. 

The flexural and low velocity drop-weight impact tests were carried out on the heat 

exposed and unexposed composites to investigate the effects of heat exposure on the 

flexural and impact properties of the composites. 

7.2 Results and Discussion  

 Flexural Test 7.2.1

The flexural tests were performed on the heat exposed and unexposed composites for 

understanding of the pre-heating effects on the stiffness values and strengths of the 

composites. The flexural tests were selected due to the out-of-plane similarities between 

impact and flexural loads. Generally, the mechanical performance of polymer 

composites decreases after the heat and fire exposure [131]. Table 7.1 shows that the 

flexural moduli and strengths of both glass and flax fibre composites reduced after the 

exposure at 300 °C. It could be highlighted here that the heat exposure and the thermal 

decomposition of the composites’ constituents led to the partial delamination and 

stiffness reductions of the composites. Further reductions in the strengths of the 

composites containing APP can also be observed after heat exposure. The chemical 

reactions between the resin and APP at 300 ˚C can reduce the thermal stability of epoxy 

and also the interfacial bonding between the matrix and the fibres, thereby adversely 

affecting the flexural strengths of the composites. 
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Table 7.1 Flexural properties of unexposed and heat exposed composites 

Sample 

 

Unexposed Exposed at 300 ˚C 

Flexural Modulus 

(GPa) 

Flexural Strength 

(MPa) 

Flexural Modulus 

(GPa) 

Flexural Strength 

(MPa) 

EPG 15.3 ± 1.0 417 ± 9 11.2 ± 0.1 360 ± 11 

EPGAPP 16.0 ± 0.8 411 ± 30 11.4 ± 0.2 237 ± 32 

EPF 6.2 ± 0.3 124 ± 4 4.2 ± 0.2 97 ± 5 

EPFAPP 6.3 ± 0.3 116 ± 4 4.4 ± 0.1 79 ± 6 

 

 Low Velocity Drop-Weight Impact Test  7.2.2

The impact energy can be defined as the kinetic energy of the impactor momentarily 

before the contact event and it gets transformed into the absorbed and rebound energies 

after the impact event [228]. The absorbed energy may be defined as the amount of the 

energy absorbed by the specimen at the end of the impact test and can be obtained by 

the integration of the area under the force-deflection curve. The rebound energy is the 

amount of energy which is returned to the impactor [233]. 

Figures 7.1 (a) and (b) show the impact energy vs. time and impact force vs. deflection 

curves, respectively, of the glass fibre composites exposed at different temperatures and 

the unexposed one. It can be observed in Figure 7.1 (a) that the impact energy increases 

significantly up to a maximum point and then decreases due to the rebounding of the 

impactor. The end energy level corresponds to the permanently absorbed energy of the 

specimen. Moreover, Figure 7.1 (b) shows a closed loop for the impact force-deflection 

curves, which can indicate rebounding of the impactor after hitting the specimen. 

During the impact loading, the force and mid-span deflection increase to a maximum 

value, while these parameters decrease during the rebounding. Furthermore, it has been 

shown in Figure 7.1 that the impact energy vs. time and impact force vs. deflection 

curves of the specimens exposed at 100 and 200 ˚C follow a path similar to that of the 

unexposed one. However, the specimen exposed at 300 ˚C takes a longer time to reach 

the peak energy and shows a higher end energy level. Additionally, the force vs. 

deflection curves demonstrate the reduction of impact force with the increase in the 
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mid-span displacement of the composite laminate exposed at 300 ˚C in comparison to 

those of the specimens exposed at lower temperatures. The partial decomposition of the 

epoxy matrix at 300 ˚C can be a reason for changing the impact properties of the glass 

fibre epoxy composites. As the epoxy resin starts to decompose at approximately 300 

˚C, the exposure at this temperature has produced delaminated areas in the composite. 

The presence of partial delamination has enhanced damping effect, thereby increasing 

the mid-span deflection and the energy absorbed by the impact damage. The reduction 

in the impact force of the composite after the heat exposure might be attributed to its 

reduced stiffness magnitude. As discussed in section 7.2.1, the flexural stiffness values 

of the composites did decrease under heat exposure. Moreover, it has been reported that 

the absorbed energy of the fibre reinforced polymer composites rises up by increasing 

the ambient temperature due to the considerable reduction in the stiffness of the 

composites at elevated temperatures [234]. 
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Figure 7.1 (a) Impact energy vs. time and (b) impact force vs. deflection histories of glass fibre 

composites 

 

Figures 7.2 (a, c) and (b, d) present surfaces of the unexposed and heat exposed (at 300 

˚C) glass fibre composites, respectively, after the impact tests. On the front surfaces, a 

small dent can be observed in the unexposed specimen, whereas it is difficult to detect 

the damaged area of the heat exposed specimen. The intensity of the damage on the 

back surface is also less for the heat exposed specimen in comparison to that for the 

unexposed one. The brighter areas (white circle) on the surface of the heat exposed 

specimen indicate the delamination caused by the heat. When this partially delaminated 

composite is subjected to the impact force, the delaminated regions can act as a damper 

and reduce the severity of the impact force and damage.  
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Figure 7.2 Glass fibre composites after impact tests: (a) front surface of unexposed EPG, (b) front surface 

of heat exposed EPG, (c) back surface of unexposed EPG and (d) back surface of heat exposed EPG 

 

Figures 7.3 (a) and (b) illustrate the impact energy vs. time and impact force vs. 

deflection histories, respectively, of the flax fibre composites exposed at different 

temperatures and the unexposed one. It is clear that the impact damage behaviour of the 

flax fibre composite is different from that of the glass fibre composite. In particular, the 

flax fibre composites do not show the significant drop in the energy after the impact, 

Figure 7.3 (a). This result can imply that the energy was absorbed by the specimen 

without rebounding the impactor. The absence of any major rebound peak in the impact 

force vs. deflection curves, Figure 7.3 (b), can also support this behaviour. Additionally, 

these curves show larger mid-span displacements compared to those of the glass fibre 

composites due to the perforation of the specimens by the impactor. The effect of 

preheating on the flax fibre composite’s impact properties is also clearly observed from 

the specimen exposed at 300 °C. The heat exposure reduces the absorbed energy, the 

maximum impact force and mid-span deflection of the specimen. These reductions can 

be mainly attributed to the thermal decomposition of the composite’s constituents. The 

flax fibres start to degrade at around 270 °C; therefore, the influence of preheating on 

Delaminated area 

Delaminated areas 

(a) (b) 

(c) (d) 
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the flax fibre composites is more significant than that on the glass fibre composites. A 

reduction of load bearing ability of the flax fibres due to the heat exposure may 

decrease the mid-span deflection of the heat exposed flax fibre composite. Therefore, it 

is presumed that the threshold temperature to affect the impact properties of the flax 

fibre composite lies between 270 and 300 °C, whereas for the glass fibre composite the 

threshold temperature is 300 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 (a) Impact energy vs. time and (b) impact force vs. deflection histories of flax fibre composites 

(a) 

(b) 
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Front and back surfaces of the flax fibre composites after the impact tests are shown in 

Figures 7.4. A cross-shaped crack, covering the whole width of the specimen, occurred 

on the unexposed composite, whereas a perforation hole around the impact point was 

produced on the heat exposed specimen. The reason for the cross-shaped damage can be 

attributed to the fact that the impact load is transferred along the biaxial orientation of 

flax fabric in the composite laminate. In contrast, the severe puncture on the heat 

exposed specimen indicates that the flax fabric might have lost its load bearing ability 

due to the thermal degradation. For the heat exposed specimen, the bright areas also 

indicate the delaminated regions and/or fibre-matrix separation.  

  

 

 

 

 

 

 

 

 

Figure 7.4 Flax fibre composites after impact tests: (a) front surface of unexposed EPF, (b) front surface 

of heat exposed EPF, (c) back surface of unexposed EPF and (d) back surface of heat exposed EPF 

 

Figures 7.5 (a) and (b) show the impact energy vs. time and force vs. deflection 

histories, respectively, of all glass and flax fibre composites. From these figures, it may 

be concluded that the unexposed glass and flax fibre composites do not show the effect 

of the flame retardant on the impact behaviour. However, the preheating at 300 °C of 

the glass fibre composites with APP results in the increase of energy absorption and the 

maximum mid-span deflection, accompanied by a reduction of the maximum impact 

force. It is known that APP starts to thermally degrade at an earlier temperature 

(approximately 280 °C) compared to epoxy [98, 205]. Once the decomposition of APP 

(a) 

(d) 
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takes place, the polyphosphoric acid (main decomposition product of APP) starts to 

react with epoxy [162] and these chemical reactions can thermally destabilise the resin 

matrix, creating the delamination in the composite. The delamination in the composite 

might increase the energy absorption and the maximum mid-span deflection of the 

composite. On the other hand, the energy absorption of the heat exposed flax fibre 

specimen at 300 ˚C slightly increased in the presence of APP, even though the two 

composites exhibited similar maximum forces and mid-span deflections. The APP 

incorporated glass and flax fibre composites exposed at 100 and 200 ˚C were also tested 

and the results were similar to those of the unexposed ones, clearly establishing the 

absence of temperature influence in that range. Table 7.2 summarises the impact 

parameters of the glass and flax fibre composites, selected for this study. It should be 

mentioned that the maximum impact energy was considered as the absorbed energy of 

the flax fibre composites exposed at 300 ˚C and small reduction at the end of the 

energy-time curves for those specimens can be due to the friction between the impactor 

and the specimens after perforation. It is to be noted that the force vs. deflection history 

curves of the flax fibre composites were smoothed (to remove the oscillations) using the 

moving average function (19 intervals).  
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Figure 7.5 (a) Impact energy vs. time and (b) impact force vs. deflection histories for glass and flax fibre 

composites 

 

Table 7.2 Absorbed energy, maximum impact force and maximum deflection of unexposed and heat 

exposed composites 

Sample 

Absorbed 

Energy (J) 

Maximum Impact 

Force (kN) 

Maximum Mid-span 

Deflection (mm) 

EPG Unexposed 6.11 ± 0.51 4.34 ± 0.04 9.90 ± 0.01 

EPGAPP Unexposed 5.67 ± 0.44 4.45 ± 0.12 9.78 ± 0.09 

EPG Exposed at 300 ˚C 6.82 ± 0.15 2.78 ± 0.36 11.58 ± 0.57 

EPGAPP Exposed at 300 ˚C 8.67 ± 0.68 2.30 ± 0.11 14.11 ± 0.12 

EPF Unexposed 18.42 ± 0.64 0.95 ± 0.03 26.71 ± 0.55 

EPFAPP Unexposed 19.12 ± 0.33 0.99 ± 0.1 25.26 ± 2.41 

EPF Exposed at 300 ˚C 6.63 ± 0.38 0.61 ± 0.02 18.67 ± 0.10 

EPFAPP Exposed at 300 ˚C 8.05 ± 0.86 0.67 ± 0.03 19.34 ± 0.83 

 

(b) 
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7.3 Concluding Remarks  

This chapter was aimed at comparing the low velocity drop-weight impact properties of 

the glass and flax fibre epoxy composites at room and elevated temperatures 

(preheating up to 300 ˚C). 

It may be concluded that the glass fibre composites partially absorbed the impact 

energy and rebounded the impactor, while the flax fibre composites absorbed all the 

energy without any rebounding. A comparison of impact damages also reveals that the 

glass fibre composites experienced a small dent, whilst the flax fibre composites got 

perforated with a larger mid-span displacement. The heat exposure at 300 ˚C increased 

the absorbed energy and the maximum mid-span deflection for the glass fibre 

composites, whereas the maximum impact force reduced due to the delamination after 

the heat exposure. In contrast, the absorbed energy, the maximum impact force and the 

maximum mid-span deflection of the flax fibre composites reduced by the temperature 

increase since the flax fibres got weakened by the heat. The addition of APP increased 

the absorbed energy in both heat exposed glass and flax fibre composites because of the 

controlled fire damage. It may also conclude that the threshold temperature to identify 

the effects of heat on the impact performance of the composites lies between 270 and 

300 ˚C. The presented results are interesting because they widen the possible 

applications of flax fibre reinforced composites which might be exposed to moderately 

elevated temperatures and some impact loads.  
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Chapter 8 Conclusions and Future Work 

 

This research was focused on the effects of flame retardant additives on the fire-related, 

thermal and mechanical properties of epoxy resin and fibre reinforced epoxy based 

composites. The intumescent APP was selected as the main additive and its combined 

effects with other additives (talc or nano-clays) on the flame retardant and mechanical 

performances of the composites were investigated. Moreover, the mechanical properties 

of the glass and flax fibre composites (with and without APP) during and after heat 

exposure were determined by performing the tensile and drop-weight impact tests. This 

chapter summarises all the achievements and key results of this research. The possible 

future work in this area will be also discussed with some recommendations made.   

8.1 Conclusions 

The following conclusions can be drawn from the results of this work: 

 As expected, an addition of 30 wt% APP to epoxy resin significantly enhanced 

the flame retardant properties of the resin due to an intumescent char formation. 

However, the partial substitution of APP (~10 wt%) with talc resulted in an 

slight increase in the PHRR of the composite. This adverse effect on the flame 

retardancy can be explained by the non-intumescent characteristic of talc 

particles, which decreased the intumescent behaviour of the char. On the other 

hand, the combination of APP and talc, in comparison to APP alone, provided a 

lower PHRR for the glass fibre composite. This behaviour corresponds to the 

increased barrier effect of the char with the talc particles, since they possess a 

high thermal stability under the radiant heat. The epoxy containing APP and talc 

achieved V-0 rating in the vertical burn test, while the glass fibre composite 

filled with APP attained V-1. The fibre composite with APP/talc, however, 

could not achieve any rating, probably due to the thermal decomposition of talc 

particles by the flame, which accelerated the burning of the sample. Therefore, 

the efficiency of the flame retardant additives can be varied based on the resin, 

reinforcing fibres and also the testing conditions.  
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 The application of nano-clays (LDH or HNT) was not effective to reduce the 

flammability of the resin. However, the combined effects of APP (18 wt%) and 

nano-clays (2 wt%) considerably improved the flame retardancy and thermal 

stability of the epoxy and glass fibre composites. The fire test results also 

demonstrated similar fire performance of composites containing the APP/LDH 

and APP/HNT systems, even though the total amount of heat released by the 

composite containing HNT was lower.  

 The mechanical tests of composites generally showed that the incorporation of 

the additives (APP, APP/talc and APP/nano-clays) reduced the tensile and 

flexural strengths of the resin but improved both tensile and flexural moduli. 

However, the mechanical properties of fibre reinforced composites were not 

significantly influenced by the incorporation of the additives. Maintaining the 

mechanical properties of the flame resistant composites can be beneficial for 

their applications, where both fire and mechanical performances are important.  

 Comparing the tensile properties of glass and flax fibre composites at elevated 

temperatures revealed that the tensile strengths and moduli of both composites 

significantly reduced at 100 ºC, mainly due to the resin softening at the glass 

transition temperature (Tg ~ 60 ºC). However, the tensile properties of the glass 

fibre composite were steady between 100 and 300 ºC before a slight reduction at 

400 ºC, because of the thermal decomposition of the resin. On the other hand, 

the flax fibre composite could retain only around 5 % of its tensile properties 

with a temperature up to 250 ºC, due to the structural degradation of the fibres. 

The incorporation of APP further degraded the tensile properties of the 

composites at temperatures between 250 and 400 ºC, in spite of its high 

efficiency to improve the composites’ fire properties. The results indicate that 

strategies should be adopted to retain the structural integrity of polymer 

composites at elevated temperatures, especially when they are incorporated in 

the infrastructure applications.     

 The glass and flax fibre composites behaved differently under the drop-weight 

impact test. The flax fibre composite absorbed all the energy from the impactor 

with a large mid-span deflection, while the glass fibre composite partially 

absorbed the energy and experienced a smaller impact damage and deflection. 

However, after the heat exposure at 300 ºC, the absorbed energy by the glass 
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fibre composite as well as the deflection increased as the heat generated 

delamination in the composite. In contrast, the impact energy and deflection of 

the flax fibre composites reduced since the fibres degraded by the heat. The heat 

exposure also reduced the stiffness and maximum impact force values of both 

composites. Moreover, the energy absorption of the composites after heat 

exposure improved in the presence of APP. The observed differences in the 

impact properties of the composites with the synthetic and natural fibres can be 

used to design the composites with the desirable properties for various 

applications.  

8.2 Recommendations for Future Work 

The following future research has been suggested to further develop the scope of this 

research: 

 In this thesis, the fire and mechanical properties of epoxy composites were 

investigated mainly based on APP. However, other intumescent additives (such 

as melamine polyphosphate) can be incorporated to explore their effects on the 

performance of composites and choose the additive that provides the composites 

with the optimum properties. 

 The hand lay-up technique was employed to manufacture the fibre reinforced 

composites for this research. The feasibility of other thermosets manufacturing 

methods (such as resin infusion) for fabricating the composites containing 

additives can be also evaluated in the future work. In addition, the fire and 

mechanical properties of the composites manufactured with the possible 

techniques can be compared to identify the suitable method, providing a better 

performance of the composites.   

 The heat and fire exposure effects on the tensile and impact properties of the 

glass and flax fibre reinforced composites were experimentally investigated in 

this research. This work can be further extended to develop models, which may 

predict the tensile and impact behaviour of the composites when they are 

exposed to heat. The experimental data then can be used to validate the 

developed models.     
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 Throughout this research, the flammability of the composites was evaluated 

using the bench scale test methods. However, the fire performance of the 

composites may differ when they are tested at larger scales. Therefore, the fire 

properties of the composites can be further determined and assessed by 

performing the large scale tests (such as SBI and room calorimeter tests).  
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