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ABSTRACT  

"The shift from traditional materials towards polymeric composites in the 

transport sector, has made fire performance of composite materials a crucial 

factor. Due to their organic content, they release volatiles which burn, and 

also produce toxic fumes which are fatal in high concentrations during 

pyrolysis. Current approaches to fire retardancy involve additives or reactive 

retardants incorporated into the resin, or fire-retardant coatings being applied 

to the surface. This approach has its limitations as it can reduce other 

favourable properties of the target material, especially mechanical 

properties. This study aims to determine if the fire performance of polymer 

resin systems could be improved by altering the molecular structure of the 

original reacting constituents. By analysing a number of commercially 

available resin systems and curing agents and characterising them it is 

possible to predict their material properties. The main findings indicate that 

variations in molecular structure do have an effect on the thermal and 

mechanical properties, as reaction mechanisms and network formation in the 

cured systems are affected by the structure of the reactive constituents. 

These variations in structural morphology due to molecular structure, also 

have an effect on the fire performance of the cured formulations. By varying 

molecular structure, the need for fire retardant additives and coatings could 

be reduced, which would limit the effect of increasing fire performance on 

other desirable material properties. This approach is also sustainable as the 

overall cost of manufacture and its environmental impact would be reduced, 

while the health & safety aspect would also be improved. " 
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Chapter 1 – Introduction  Jibran Sajjad Yousafzai 

2 
 

1.1 Composite materials in the transport sector 
 The need for high performance and the capability of designing material characteristics to meet 

specific requirements, has made polymeric composite materials a first choice in the transport sector. Such 

materials can exhibit high strength, corrosion resistance, multi-environmental durability and are low in 

weight. Polymer materials have key advantages over conventional metallic materials due to their specific 

strength properties with weight savings of around 20-40%, potential for rapid process cycles, ability to 

meet stringent dimensional stability, lower thermal expansion properties, and excellent fatigue and 

fracture resistance[1]. The lightweight concept involves using improved designs, which entail important 

performance requirements and puts a high priority on weight reduction. Furthermore, it also focuses on 

the end-of-life of a product and the use of multifunctional and recyclable materials and using efficient 

manufacturing processes. The main aim of this is to improve overall efficiency in any application where 

polymer composite materials are used, with a strong focus on sustainability and maximum life cycle 

performance[2]. With the global shift towards reduction of CO2 emissions the use of composites can 

positively contribute to the reduction of greenhouse gases in the transport sector. In general it is assumed 

that a 10% reduction in weight incurs a 5-7% improvement in fuel efficiency[3].  

 The main drive towards the use of lightweight materials is to mitigate the environmental 

degradation caused by the generational use of fossil fuels. In order to achieve these goals, one approach 

known as the remanufacturing approach has been quite successful. Where a high value product is returned 

to its original performance and is considered to be better than a brand new part, this method uses 85% 

less energy than manufacturing and reduces the raw materials consumption[4][2]. The lightweight aspect 

also aims to improve product performance, quality improvement and cost reduction. More specifically in 

the context of environmental concerns, this approach uses fewer materials, less energy for materials 

extraction which further strengthens the environmental and sustainability aspect. Despite the focus on 

sustainability and the environment, the underlying aim is and has always been cost reduction. Where the 

lighter the parts used in the transport sector, the lower the consumption of fuel, which leads to an overall 

improvement in efficiency and cost-effectiveness[2]. The novel applications of composite materials can be 

seen in the transport industry, for example, the use of composites in aircraft have been around since 1972 

(Airbus A300). The applications of composites in aircraft range from the radome, cabin and cargo hold 

furnishings, elevators, thrust reverser, nose, main landing gear door and also the trailing edge panels. Since 

then, the use of composites in Airbus family of aircraft has increased considerably, with the introduction 

of glass-fiber reinforced polymer composites, aramid fiber reinforced polymer composites and carbon 

fiber reinforced composites[5]. The percentage weight of composite material used in Airbus aircraft is 

shown in Table 1.1. 
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Table 1-1 - shows overall weight % of composites used in aircraft[6] 

Aircraft Type Composite Weight % 

Air bus 300 5 

Air bus 310 7 

Air bus 320 15 

Air bus 330/A340 12 

 

 

Figure 1-1 - composite structure of the Boeing-787[7] 

 Composites are useful in their ability to be tailored and used in conjunction with other materials, 

to achieve a specific end use or function Fig 1.1. Compared to other transport sectors the regulations and 

requirements for the aerospace sector are very stringent. Which is understandable as the loss of life in an 

aircraft disaster is a considerable magnitude higher than a disaster in a car. Having said that, the use of 

composites in other transport sectors is also vital, to the overall improvement in performance, fuel saving 

and reduction of environmental impact. The railway industry has also changed focus from conventional 

materials towards the use of composites, owing to the benefits of high speed, less track wear and 

reduction in the power consumption. The use of composites has considerably increased in the railway 

sector, allowing trains to carry heavier loads with a weight saving of about 50% for structural applications 

and 70% for non-structural applications. Furthermore, since the composite components are 

interchangeable, they further improve the efficiency by allowing fast change of parts, with less resources 

being used and waste being produced, and due to the versatility of composites and their unique properties, 

trains functioning in any environment can extract the benefits of composite materials[5]. 
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Fig 1.2 – complex train designs made possible with composite materials [8] 

 The automotive industry also benefits greatly from the use of composite materials, allowing for 

the design of complex parts and the ease of manufacture. Approximately 10-15% of  any vehicle is currently 

manufactured from polymer composites, they include but are not limited to, the electrical systems, 

chassis, powertrains, fuel systems and some engine components. Their use allows for reduction of weight, 

better gas mileage and does not limit the innovative ability of engineers and designers. Further improving 

the cost-effectiveness and more importantly significantly reducing the environmental impact in the 

process. Polymer composites used in the interior can also aid with noise suppression, increased comfort, 

and durability, all these factors collectively improve the experience of the end-user, whilst not 

compromising on safety, efficiency, and reduction of our carbon-footprint. Another big advantage of 

polymer composites used in automotive applications, is their ability to absorb impact, the ease of inter-

changeable parts makes repairing a damaged vehicle much easier and produces less waste in the process. 

 

Fig 1.3 – use of composites in various automotive parts [9] 

 Marine applications due to their mode of operation and time spent offshore, require certain 

unique characteristics from the use of composite materials. The main factor being corrosion-resistance as 

the prolonged exposure to salt and seawater can damage the outer surface of the hull and eventually the 
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inner structure if left untreated[10]. Nowadays, composite materials are extensively used in the marine 

industry for a variety of components, such as gratings, ducts, shafts, piping and hull shells. Their use has 

and manufacturing versatility has reduced overall costs of production, which in turn has made the end 

product more affordable to a wider public. Furthermore, the improved weight reduction has results in 

ships or boars carrying larger loads, increasing fuel-saving and increased ship stability and buoyancy[11]. 

Lastly, modern day composites exhibit high corrosion resistance and require less maintenance, which in 

conjunction with their other favourable properties, makes them a viable choice in the marine sector.  

 

Fig 1.4 – use of composites in various marine components 

1.2 Fire, Smoke & Toxicity – Pyrolysis of Polymers 
 Having identified the importance and benefits of using composite materials in the transport sector, 

one of the main limiting factors for organic polymer composites is their combustibility and fire 

performance. Their increasing use calls for the development and improvement of their fire resistance and 

their flammability. The main driver for these developments is the loss of human life, and the associated 
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injuries and long-term health effects associated with prolonged exposure to fire. According to the CTIF 

(world fire statistics), fires result in around 37,000 deaths per annum, with at least ten times the number 

in associated injuries from fire related incidents. Which relates to an estimated cost of 1% of the GDP in 

terms of property loss and replacement, cost of medical services, etc. It can be estimated that roughly 6-

24 million fires occur in the world annually, which in turn would cause roughly 100,000 deaths per annum, 

with an associated cost of around £500 billion. Given the scope of these numbers, the necessity for 

improved fire retardant materials is paramount and intense research is being conducted to mitigate the 

effect of fires in every aspect of daily life, where composite materials are used[12]. Another important 

factor to consider is the availability of certain materials and their feasibility of use, polymer composites 

with elevated fire performance need to be commercially available and readily available.   

 Most resins exhibit softening on heating and eventually decomposition if exposed for longer at 

elevated temperatures, which either produce char or volatilise into combustible species or radicals. These 

radical species burn in the presence of air and can produce toxic gases, which further complicates the 

problem of composites and fire. The softening of the materials also causes mechanical degradation, by 

softening the matrix the bonding strength of the fibres is reduced, which can eventually lead to debonding 

and delamination and frictional sliding at the matrix/fibre interface, which in terms of load bearing 

structures can lead to catastrophic failure[13]. The resin properties are the main determining factor in 

overall fire behaviour, but the fibres reinforcements also have an influence on the burning characteristics. 

There is high risk of small fragments of the reinforcements becoming free and becoming a hazard to 

individuals stuck in a fire zone or even rescuers who enter that zone. More importantly, during fire burnt 

carbon becomes porous, which absorbs chemicals, including dust and dirt from the immediate 

environment, which can lead to skin penetration or toxic smoke inhalation[12]. Fibre-reinforced are 

generally less flammable than neat resin polymers, due to the lower resin content and the fibres acting as 

fillers and thermal insulators. Thick laminates with more layers will burn more slowly, than thinner 

laminates with less layers[14]. Apart from composite geometry, other factors such as fibre type, volume 

content of fibre and reinforcement type(weave, yarn. Etc) also have an effect on the fire performance. 

Glass fibres are great for high temperature applications, but they tend to soften at elevated temperatures, 

which leads to a degradation of their mechanical properties. Whereas organic fibres like carbon or aramid 

will decompose and/or oxidise at higher temperatures. 

 The combustion of polymer composites is a complicated process because their chemical 

composition determines the size, spread and temperature of the fire. The limitations and growth of fire 

can be determined by the number of factors such as: fuel type, fuel load, amount of fuel, oxygen content, 

atmospheric effects, and location (internal or external).  At higher temperatures decompositions occurs 

by a series of reactions, which break down the polymer chains in low molecular weight volatiles.  The 
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composition and molecular structure have a direct effect on the thermal degradation path of that polymer 

composite[15].  Thermal decomposition or pyrolysis is the breakdown of materials at elevated 

temperatures, well beyond their operational range.  Pyrolysis is divided into 2 mechanisms: condensed 

phase and gaseous phase; as shown in Figure 1.5. The condensed phase acts through the presence of 

additives in the polymer to create a char layer, whereas the gaseous phase interferes in the combustion 

process by inhibiting the reaction between the flame and volatile products [16].  This decomposition occurs 

through a series of reactions which break down the polymer chain, this allows flammable volatiles to be 

released which can ignite given the right conditions.  Polymeric materials tend to ignite with ease and burn 

rapidly due to the rich source of hydrocarbon fuel within, there is further risk of flaming drips and in some 

cases toxic fumes being produced [17].  There are several degradation mechanisms depending on the 

chemical composition and molecular structure of the polymer. Most organic resins degrade through 

random chain scission, which involves the breakdown of long organic chains into smaller fragments.  They 

can also go through depolymerisation which involves the breakdown of the organic chains into monomers, 

or chain-end initiated scission which involves the chain ends decomposing and propagating inwards along 

the chain length.  During pyrolysis, the vapour pressure and molecular weight of the fragments, when 

sufficiently small diffuse into the flame and due to them being hydrocarbon volatiles they continue to fuel 

the fire.  This cycle ends when the fuel source is depleted and the organic components in composites have 

been completely degraded [18]. 

 

Fig 1.5 – visualisation of condensed and gas phase mechanism during pyrolysis [19] 

 Currently there are several approaches to mitigate the flammability of polymers such as surface 

coatings, resin modification, additive/reactive fire retardants, nanoclay, nanotubes, and nanofibers. This 

approach could induce undesirable effects like reducing the mechanical strength of the composite, which 

is not ideal if they are used in primary structures. However, in certain applications more specifically in the 

transport sector, interiors do not need to be high load bearing structures, but they do need to be fire 

retardant as they are in closest proximity to the passengers[20]. The simplest solution, which is currently 

used, is the use of fire retardant coatings which can thermally insulate the surface of the material as it will 
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be the first part exposed to high heat[21]. Using hybrid reinforced fibres also allows for improved fire 

performance, where one fibre type provides better fire retardant properties, whilst the other counters the 

effect of reduced structural performance during fire situations[12]. A more invasive technique used to 

improve fire retardant properties, are the use of additive or reactive fire retardants Additive fire retardants 

can be blended into the formulation or applied as a coating on the surface of the finished product, they 

can either be small of large molecules or could even be polymers themselves. Whereas reactive fire 

retardants are bound to the polymer material through a chemical reaction, they could become attached 

as side chains or could be incorporated into the polymer backbone. Both reactive and additive retardants 

can inadvertently effect the mechanical properties of the laminate[22]. Despite the common use of 

additive retardants, most resins are brittle due to their high-crosslinking density and can become more 

brittle by the addition of retardants. This method could be improved by incorporating the fire retardant 

elements or functional groups into the backbone of the resin[23]. Two different resins could also be 

blended together, where the improved fire properties of one resin and the improved mechanical 

performance of the other could work in conjunction to improve the overall performance of the 

laminate[24]. Nanoparticles and organically modified nanoclay can be uniformly distributed within the 

resin, and are shown to exhibit remarkable mechanical and material properties, whilst achieving their 

primary purpose of reducing the flammability marginally[25]. The need for improved flammability of 

polymer matrix composites is accelerating, with increased demand within the transport sector for various 

applications. The main concern for future materials is their ability to inhibit or resist ignition, flame spread 

and toxic smoke production. It is evident that the choice of resin and fibre play a crucial role in determining 

the fire properties, if flame retardant chemicals compatible with both fibre and resin are used, the 

resulting effects could be synergistic. Having discussed the development of new materials, their 

implementation requires rigorous testing in accordance with national and international regulations. These 

tests are costly and time consuming which is why the shift towards fire prediction is increasing, small scale 

tests like cone calorimetry provide an insight into the general fire performance of a material. 

Simultaneously, efforts are being made to develop thermo-mechanical models which can predict the time-

to-failure of fibre reinforced polymers laminates exposed to a radiant heat flux[26]. By using the 

temperature dependent properties of the material, the reduction in stiffness and strength can be 

calculated using laminate theory.  

1.3 Sustainability & regulations 
 The fire performance and flammability regulations of materials used in transport are very much 

dependent on geographical location. With various approaches pertaining to the same variable, making the 

standardisation of these tests quite complicated. Having said this, the regulations are constantly changing 

as the requirements and materials develop overtime and are tailored towards a specific application. The 

inherent complexity of categorising and interpreting fire performance standards is further enhanced by 
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the various parameters and differing test methods used. Socio-economic factors also play a big role in the 

development of fire safety regulations, with consumer expectations and needs rising and changing 

constantly, the regulatory bodies have to develop and account for such changes in current standards and 

requirements[27]. In order for polymer composites to become a staple in the transport sector, it is 

essential to assess the risk involved for each application. All produced parts have to conform to certain 

regulation in each transport sector, with care towards local and international regulations as they could 

differ depending on the application. The primary factors to analyse are their ignitability, flame-spread, and 

heat release. The appropriate tests needed for measuring the fire behaviour depend on the end use of the 

material, where each experimental test setup defines a specific fire scenario and is optimised to simulate 

differing heat and mass transport characteristics such as applied heat flux, temperature, orientation 

(horizontal/vertical), length scale and ventilation[28]. Having said this, the correlation between small scale 

tests and large-scale fires is very poor, the bulk effects and various environmental and unique conditions 

cannot always be replicated during testing. These tests still provide an insight into the behaviour of these 

materials during a fire situation, and in recent years there has been renewed international effort to 

develop a coherent and comprehensive set of fire safety standards[29]. The degree of standardisation and 

cooperation varies depending on the sectors involved as they each have different requirements. This can 

also be extended to geo-political factors either national or international, industrial associations, 

companies, and non-governmental organisations. The ability to perform fire research and provide 

adequate legislation, strongly depends on what standards apply to any particular sector and how they are 

interpreted across different sectors and industries. 

1.4 Aerospace 
 In civilian aircraft the use of composite materials has almost been restricted to secondary 

structures such as seats, passenger cabins and interiors. But their use in primary structures has also 

increase significantly over the last 30 years. The primary objective of the polymer based composites used 

on the interior, is that it must be self-extinguishing and exhibit low flame, smoke and toxicity 

characteristics and are required to comply with industry and international regulations such as FAR (the US 

federal aviation authority) which governs the use of such materials[30]. Every individual part used in this 

application must be established on the basis of experience or tests, conform to approved specifications to 

ensure their properties and consider environmental conditions which are to be expected during service. 

The FAA in the United States controls the design and operation of aircraft, through numerous testing 

procedures before a composite can be used on civilian or military aircraft. Some FAA fire test requirements 

are shown in Table 1.3.1.1. 
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Table 1-2 - FAA regulations for fire testing and acceptance criteria[31] 

Test type Acceptance criteria 

12 sec vertical Bunsen burn 
• Burn length < 8 in (20.3cm) 

• Self-extinguishing time < 15 sec 

 

60 sec vertical Bunsen burn 

• Burn length <6 in (15.2cm) 

• Self-extinguishing time < 15 sec 

• Drip extinguishing time < 3 sec 

 

45° Bunsen burn  

• No flame penetration 

• Self-extinguishing time < 15 sec 

• Glow time < 10 sec 

2.5 inch/min horizontal Bunsen burner • Burn rate < 2.5 inch/minute (6.4 cm/minute) 

4.0 inch/min horizontal Bunsen burner • Burn rate < 4 inch/minute (10.2 cm/minute) 

 

60° Bunsen burner 

• Burn length < 3 inches (7.6 cm) 

• Self-extinguishing time < 30 sec 

• Drip extinguishing time < 3 sec 

 

OSU heat release 

• Max heat release rate < 65 kWm-2 

• Max total heat released in first 2 mins < 65 kw-

min/m2 

NBS smoke release • Specific optical density < 200 

Seat cushion oil burner 
• Burn length < 17 in (43.2 cm) 

• Weight loss < 10% 

 

Cargo liner oil burner 

• No flame penetration 

• Peak temperature 4 inches above horizontal 

specimens < 400 °F 

• Time to fabric failure < 90 sec 

Escape slide radiant heat • Time to fabric failure < 90 sec 

Insulation blanket radiant panel 
• Flame propagation < 2 in (5.2 cm) 

• Self-extinguishing time for each specimen < 3 sec 

Insulation blanket oil burner 

• No flame penetration 

• Heat flux 12 in (30.5 cm) from cold surface < 2 

BTU/ft2 – sec (22.7 kwm-2) 
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1.5 Automotive & Rail 
 For rail and automotive applications, the rate of fire spread, and toxicity of the fumes produced is 

of vital importance. Especially in rail applications as numerous fire incidents occur in underground tunnels, 

where longitudinal flame spread is rapid, and ventilation is poor. Smoke generation is also important as it 

reduces visibility and impedes evacuation procedures, with long lasting health effects. In the United States 

automotive and rail vehicles are required to pass test procedures and performance criteria for flammability 

and smoke emissions. This is done in accordance with the Federal railroad administration and the 

department of transportation. Some required regulatory tests are shown in Table 1.3.2.1 

Table 1-3  - FRA regulations testing methods and performance criteria [31] 

Category Function of material Test method Performance criteria 

Cushions, mattresses All 

ASTM D 3675 

 

Ls < 25 

 

ASTM E 662 
Ds (1.5) < 100 

Ds (4.0) < 175 

Fabrics All 

14 CFR 25 (vertical test) 

 

Flame time < 10s 

Burn length > 152 mm 

ASTM E 662 Ds (4.0) < 200 

Interior vehicle 

components 

Seats, frames, wall 

and ceiling panels, 

seat and toilet 

shrouds, trays, 

partitions, shelves 

ASTM E 162 

 
Ls < 35 

ASTM E 662 
Ds (1.5) < 100 

Ds (4.0) < 200 

Flexible armrest 

foams and seat 

padding 

ASTM D 3675 Is < 25 

ASTM E 662 
Ds (1.5) < 100 

Ds (4.0) < 175 

Thermal and acoustic 

insulation 

ASTM E 162 Is < 25 

ASTM E 662 Ds (4.0) < 100 

HVAC ducting 
ASTM E 162 Is < 25 

ASTM E 662 Ds (4.0) < 100 
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Floor covering 

ASTM E 648 CRF < 5 kWm-2 

ASTM E 162 
Ds(1.5) < 100 

Ds(4.0) < 200 

Lights diffusers, 

windows, and 

transparent plastic 

windscreens 

ASTM E 648 Is < 100 

ASTM E 162 
Ds (1.5) < 100 

Ds (4.0) < 200 

Elastomers 

Window gaskets, door 

nosings intercar 

diaphragms, and roof 

mats 

ASTM C 1166 

Average flame 

propagation < 101.4 

mm 

ASTM E 662 
Ds (1.5) < 100 

Ds (4.0) < 200 

Exterior vehicle 

components 

End caps, roof 

housings, articulation 

bellows, exterior 

shells 

ASTM E 162 Is < 35 

ASTM E 662 
Ds (1.5) < 100 

Ds (4.0) < 175 

Wire and cable 

All 

UL 1581, CSA C22, 2 

UL 1685, ANSI/UL 1666, 

NFPA 262, ASTM E 662 

- 

Control and low 

voltage 

ICEA S-19/NEMA WC3, 

UL44, UL 83 
- 

Fire alarm cable IEC 60331-11  

Structural 

components 
Flooring ASTM E 119 Pass 

 

1.6 Marine 
 The Code of federal regulations (CFR) is in charge of materials specifications for marine type 

vessels. In naval submarines fire and toxicity and flame spread can be a detrimental issues, especially 

during the service period where they need to be submerged. The main thermal characteristics required 

for submarines are thermal resistance and not be the source of a flame and the time to ignition will be 



Chapter 1 – Introduction  Jibran Sajjad Yousafzai 

13 
 

delayed allowing a response to the primary source of fire. Some required regulatory tests are shown in 

Table 1.3.3.1 

Table 1-4 - IMO resolution, NFPA and ASTM fire testing standards [31] 

Category Test method Criteria 

Bulkhead and overheard interior 
finish 

• NFPA 255/ASTM E84 

• NFPA 255/ASTM E84* 

• NFPA 286* 

• FSI < 20 and SDI < 10 

• FSI < 75 and SDI <450 

• No flashover, total 
smoke released not to 

exceed 1,000m2 

Deck overlay and deck finish • NFPA 253/ASTM E648 
• Critical radiant heat flux 

not less than 4.5 kWm-2 

Thermal & acoustic insulation • NFPA 255/ASTM E84 • FSI < 75 

Upholstered furniture 
• NFPA 266 

• ASTM E1 537 

• UL 1056 

• Max heat release rate < 
80 kW 

• Max total heat released 
during initial 10 mins < 

25 MJ 

Bedding 

• 16 CFR 1632 

• NFPA 267 

• ASTM E1590 

• UL 1895 

• Max heat release < 100 
kW 

• Max total heat released 
during initial 10 mins < 

25 MJ 

Drapes • IMO resolution A.563 

• No flaming for 5s after 
exposure 

• Char length no more 
than 150 mm 

• No ignition to cotton 
below 

• Surface flash 
propagation no more 

than 100 mm 

 

1.7 Problem statement 
 Fires in the transport sector (e.g., aerospace, automotive, rail and marine) are a real concern.  Due 

to the number of individuals using these transport methods every day and the environments that they are 

in, it is vital that the materials used for these applications meet strict FST requirements.  The main design 

considerations are mass reduction resulting in increased fuel efficiency and reduced manufacturing costs.  

Having said that the process of combustion is very complicated due to the various physical and chemical 

interactions during the process.  Some major issues within the transport sector include flame dripping, by- 

products of combustion, loss of material integrity and strength and flame spread to nearby components.  

There are 3 methods usually used to tackle fire safety in the transport sector: fire prevention, fire 

minimisation and fire suppression.  The first depends on the materials being used their placement within 

the system and their proximity to any likely ignition sources.  Fire minimisation involves using fire resistant 
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materials, such as flame retardants or fire safety coatings in areas where a fire is likely to occur.  These 

materials along with other safety practices can mitigate the risk of fires, the additives used could also aid 

in the reduction of toxic gases.  Finally, fire suppression, involves trying to extinguish the flame once it has 

started.  This is done by placing the suppressant stream close to areas of fire risk, this is very important in 

transportation as large amounts of fuel are stored physically close to combustible surrounding materials.  

When exposed to high temperatures around 350-500 °C most polymeric materials, tend to degrade over 

time and release heat, smoke, soot, and toxic volatiles.  Even before the degradation temperature, 

polymeric composites tend to soften, creep, and distort at relatively high temperatures or when they 

approach their glass transition temperature (Tg).  Phenolics have been the go-to material in the transport 

sector for a while, due to their good thermal & chemical characteristics, hardness, and high char yield.  

Phenolics are ideal for high level fire situations but due to ever changing safety and environmental 

regulations, their use is slowly being phased out due to the toxic by-products created in the manufacturing 

process.  The curing process also gives rise to voids and surface defect, which can undermine the structural 

integrity of the component being used.  Furthermore, phenolics tend to be brittle and possess low 

mechanical properties, which is not ideal considering the component might be exposed to mechanical 

loading combined with thermal fatigue.  Alternatively, epoxies are commonly used due to their good 

mechanical performance, favourable adhesive qualities and heat and electric properties.  Epoxies also 

have slight disadvantages, depending on the type of hardener being used which can sometimes be toxic.  

But compared to the phenolic manufacturing process the threat to individuals and the environment, is 

considerably less with epoxies rather than phenolics.  

1.8 Research question, Aims and Objectives 
 Based on the problem statement in Section 1.4, the following research question was formulated. 

With the specific target of focusing on:  

“How does altering the monomer structure influence the fire performance of polymeric matrices as neat 

resins and composites, and can their fire behaviour be predicted well enough to form quantitative 

structure property relationships” 

 In order to meet the scope of the research question, the following aims and objectives were 

developed. 

1) Determine state of the art in materials and manufacturing techniques, focussing on fire 

performance in the transport sector 

• Landscape in academic papers 

• Landscape in industrial content 

• Market gaps and analysis 
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• Deliver a horizon scan 

2) Determine appropriate materials and methods 

• Basic characterisation 

• Down selection of materials 

• Assessment of chosen materials 

3) Determine material performance characteristics for selected cured resins 

• Conduct physio-thermal characterisation 

• Conduct physio-chemical characterisation 

• Categorise characterised materials  

4) Asses the properties of the char and any residual components 

• Analyse the properties of the residual char  

• Analyse the effect of different formulations on char characteristics  

• Formulate quantity structure and property relationships 

• Predict performance 

 To manage these aims and objectives a waterfall approach was developed, which is shown in Fig 

1.6. 

 

Fig 1.6 -  
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1.9 Thesis structure 
 The work is presented in the thesis in the following manner. 

Chapter 2 – Literature Review 

Chapter 3 – Materials & Methods 

Chapter 4 – Baseline Material Characterisation 

Chapter 5 – Prediction of formulation properties 

Chapter 6 – Thermal & Chemical Characterisation 

Chapter 7 – Cured & Un-cured Deformation Analysis 

Chapter 8 – Thermal Degradation & Fire Testing 

Chapter 9 - Conclusions 
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2.1 Fibre reinforced polymer composites 
 Composite materials are a combination of two different elements, the fibers and the matrix 

combined create a composite material.  By combining both these elements together, it allows the material 

to exhibit the best qualities of both primary elements, and in some cases a useful quality that only arises 

when these two materials have been combined[32].  Several properties can be improved by forming 

composite materials, such as; strength, fatigue, life, stiffness, temperature dependent behaviour, 

corrosion resistance, thermal insulation, wear resistance, acoustical insulation and weight[33].  These 

properties give composites a competitive edge over metals and alloys, as they due to their improved 

performance they require less maintenance and repair.  These also make them much safer in certain 

applications, and they can be tailored to comply with any existing regulations.  The main benefit of 

composite materials is their high stiffness to weight ratio, which is extremely beneficial in aerospace and 

automotive applications[34]. Composite materials are usually defined by their constituents, mainly the 

binding material (matrix) and the filler (fibres, sheets, fragments, particles, or synthetic material). These 

can be classified into three main categories based on structure[35].  

 

Figure 2-1 - classification of composites[35] 

 A composite material could be homogeneous, inhomogeneous, isotropic, orthotropic, or 

anisotropic.  A homogenous material has uniform properties throughout, whereas an inhomogeneous 

material has non-uniform properties over its body.  An isotropic body has similar material properties at 

any point in its body in all directions, an orthotropic material has properties that are different in three 

mutually perpendicular directions at a point in its body.  Finally, an anisotropic material has properties that 

are different in all directions at any point in its body[36].  The fibers inside composite laminates are usually 

very high strength and high stiffness, as compared to the matrix which is low strength and low stiffness.  
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Improved manufacturing practices have made it cheaper to work with composites, than it is to work with 

their metallic counterparts.  This also allows for the development of complex geometries, which were not 

possible before, whilst also retaining their performance and strength characteristics.  They do have some 

limitations such as their vulnerability to moisture and very high temperature applications.  Furthermore, 

due to functional requirements designers are required to use reliable and accurate economic 

considerations.  As composites allow the freedom to tailor stiffness and strength in the preliminary design 

stages, their metallic counterparts fall short in this category.  As mentioned before composites come in 

different configurations, the three most common ones are polymer matrix composites (FRPs), metal matrix 

composites and ceramic matrix composites. The combination of fibres and matrix and their individual 

properties, determine the overall properties and performance of the laminate. The fibre arrangement and 

orientation defines the structural behaviour of the laminate[37]. Composites with long fibre 

reinforcements are termed continuous reinforcements and composites with short fibre reinforcements 

are called discontinuous reinforcements. A new approach looks at hybrid fibre-reinforced composites, 

where two different fibres are used to maximise the performance of the composite by utilising the 

properties of both fibres[38]. Continuous fibres can either be placed unidirectionally or bidirectionally, 

depending on the loading requirements for that composite. Discontinuous fibres on the other hand need 

to have a sufficient length for effective load transfer and to minimise crack propagation[35]. Chemical 

treatment of natural fibres can improve certain properties such as impact toughness and fatigue strength. 

But conventionally synthetic fibres are more popular due to their uniform properties and high-

performance applications. Having said this, natural fibre composites are being heavily researched as the 

push towards environmentally friendly and sustainable composites increases, due to stringent 

environmental laws and regulations[35].  

Table 2-1 - general matrices, properties, and applications 

Matrix Properties Applications 

Polyether sulfone Flame resistant Automotive 

Polysulfone Low moisture absorption, high strength, low creep Marine 

Polyethylene Corrosion resistance Piping 

Polypropylene Chemical resistance Automotive 

Polyurethane Wear resistance, low cost, sound, and waterproof Structural 

Cement Durable Structural 

Polyvinyl alcohol High tensile strength Bio-medical 

Epoxy resin High strength Aerospace 

Polyester Durable, water and chemical resistance Structural 
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 Another alternative to fibre-reinforced composites are particle reinforced composites, which by 

comparison to fibre-reinforced composites are limited by their material strength and fracture resistance. 

On the other hand, ceramic, metal, or inorganic particles can resist deformation and provide improved 

material stiffness. Their isotropic properties and cost-effectiveness also makes them popular for certain 

applications. Their manufacturing technique is similar to that of monolithic materials[39]. They are used 

extensively in the civil sector, for roadways and concrete structures, where high wear resistance is 

required. Sheet-moulded composites are also used in certain applications, they are manufactured by 

bonding homogenous layers of materials using compression moulding techniques to form non-

homogenous composite laminates. Where the buckling stability improves with increasing number of layers 

in the laminate[40]. Sheet-moulded composites are used in large structural components, like in 

automotive body parts with a high strength to weight ratio[41].  

 Polymer composites are a combination of organic molecules (Carbon and Hydrogen), as well as 

hetero atoms (Nitrogen, Oxygen, etc), the individual repeating structures are known as monomers, which 

through numerous process link together to form long chain  molecules called polymers. Polymers can 

generally be divided into three main categories: thermoplastics, thermosets, and elastomers. The sample 

polymer chain shown in Fig 22 with the structural repeat unit highlighted  is Cellulose. 

 

Figure 2-2 - showing polymer chain with structural repeat unit[42] 

 Thermoplastics are polymers which can be reformed into new shapes with the addition of heat 

and retain their new shape when the heat is removed. They can be crystalline, amorphous of a 

combination of both, this is determined by the composition and the processing method. Thermosets on 

the other hand, through the action of heating and curing, cannot be reformed, and are usually used in high 

temperature/loading applications. Elastomers which can be described as lightly crosslinked networks can 

be altered drastically by applying a certain force, due to their elastic properties they tend to return to their 

original shape.  
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2.2 Manufacturing techniques 
 Materials possess different properties and processing characteristics, where one manufacturing 

process might not be suitable for a variety of materials. Manufacturing composite materials and products 

require various techniques and types of material, where each manufacturing technique requires different 

material systems, processing conditions, and different tools. The success of each part produced relies 

heavily on the manufacturing technique employed, which is dictated by part shape and material used. In 

order to manufacture a part, there are four major requirements raw material, tooling/mould, heat, and 

pressure[43]. For commercial applications, approximately 75% of the manufactured composites are 

thermosets, which are predominantly used in high level transport applications. 

Table 2-2 - manufacturing techniques and associated properties & materials 

Process Speed Strength Application Material 

Spray-

layup 

Medium-

Fast 
Low 

Bathtubs, swimming pools, boat 

hulls, storage tanks, duct and air 

handling equipment 

E-glass, carbon, Kevlar, 

polyesters, and 

vinylesters 

Manual-

layup 
Slow High Boats, windmill blades, storage tanks 

Kevlar, glass, carbon, 

E-glass 

Filament 

winding 
Slow-Fast High 

Tubular structures, pressure vessels, 

pipes, rocket motor casings, chemical 

storage tanks 

Glass, carbon, Kevlar, 

epoxies, polyesters, 

vinylesters 

Pultrusion Fast High 

Solid hollow structures with constant 

cross-sections, beams, channels, 

tubes, grating systems, flooring, 

walkway bridges, handrails, ladders, 

light poles 

E-glass, S-glass, 

carbon, aramid fibres, 

unsaturated 

polyesters, vinylesters, 

epoxies 

Resin 

transfer 

moulding 

Medium Medium 

Helmets, doors, hockey sticks, bicycle 

frames, windmill blades, car bodies, 

automotive panels, bulkheads, 

control surfaces, ribs, stiffeners, 

fairings 

Glass, carbon, Kevlar, 

E-glass, polyesters, 

vinylesters, epoxies, 

phenolics, methyl 

methacrylate 

 

 There are several manufacturing methods for composite materials, some of which are more 

complicated than others.  But all methods are effective depending on the type of composite being 

manufactured, its application and desired properties.  Some of the most common methods are manual 

lay-up, automated lay-up, spray up, filament winding, pultrusion and resin transfer moulding.  
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2.2.1 Spray layup 
 Spray-up uses a special spray gun that simultaneously cuts the material and coats it with resin.  

Once the lay-up is ready it is then cured at room temperature but can also be done at high temperatures 

depending on the properties required of the product.  Curing can also be done by vacuum bag molding 

where the lay-up is sealed in a polyester film, then the air is sucked out and it causes the resin to infuse 

into the lay-up[44]. This process is usually used to make large custom and semi-custom parts in low-

medium volume quantities, where strength is not a crucial factor, making this the more suitable and 

cheaper option. Examples of products include but are not limited to bathtubs, swimming pools, boat hulls, 

and storage tanks. The main advantage of this process is how economical it is for making small to large 

parts, how it can utilize low-cost tooling and low-cost materials and can be suitable for small-medium 

volume parts. Having stated these, it is not suitable for making parts with high structural requirements, it 

is difficult to control the fibre volume fraction and the thickness, which is highly dependent on the 

individual at the time. Health and safety effects from styrene emissions are also a concern, due to the open 

mould nature of the process. Surface finish is limited to only one side of the part being processed, and it 

is not suitable for parts where dimensional accuracy and repeatability are important[43]. This method is 

mostly applied to polyester resins and has been used for seve al yea s,  t’s a fast p ocess and the l ke 

manual lay-up the tool costs are low.  But the laminates tend to be very resin rich which makes them 

heavy, only short fibers can be used which limits the mechanical properties of the final product.  Like 

manual lay-up the resin viscosity needs to be low for ease of application further reducing the mechanical 

and thermal properties of the laminate[44].  

 

Figure 2-3 - standard spray layup [35] 

2.2.2 Manual layup  
 Manual lay-up involves using hand operated tools to cut the materials to the desired shape.  Then 

they are impregnated with wet resin, placed over a mould and then hand rolled to ensure even 
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distribution.  The rolling also removes any trapped air in the lay-up, layers are continuously added up till 

the required thickness is achieved.  The reinforcements can also be pre-impregnated (prepreg) which 

makes them easier to handle.  But in this case the prepreg needs to be refrigerated so that it does not cure 

prematurely.  Manual lay-up can be automated by using CNC machines this reduces the need for 

manpower and greatly increases the production rate, at the same time improving accuracy and efficiency 

of the parts being manufacture[44].  This method is generally applied to epoxy, polyester, vinylester and 

phenolic resins.  It has been a popular method for many years and is quite trivial in practice, costs are 

minimal due to cheap tools and there are several material types available.  Moving on to the negative 

aspects of this manufacturing method, the final quality of the product is highly dependent on the individual 

working on it.  Several health & safety issues also need to be considered, low molecular resins are more 

harmful than high molecular resins and low viscosity resins tend to penetrate clothing.  Costs are high 

because of the extraction systems in place to limit the styrene concentration in the air according to 

regulations.  Furthermore, low viscosity resins are subject to lower mechanical and thermal properties, 

which is necessary for the manual lay-up process[44]. Similar to the spray-layup technique, manual lay-up 

is very cost effective in terms of tooling, the process is simple and versatile, and simple moulds can be used 

along with cheap raw materials. Alternatively, the process is labour intensive, it is more suitable to make 

prototypes and larger structures, once again health and safety factors like styrene emissions are a problem, 

part quality is not consistent, high fibre volume fraction parts cannot be manufactured using this process, 

and the process is not clean which leads to a lot of wastage[43].  

 

Figure 2-4 - standard manual layup [35] 

2.2.3 Filament winding  
 Moving on to filament winding which consists of wrapping the fibre or tows around a mandrel, 

when the mandrel is removed a hollow shape is formed.  It can be applied either as a hoop or helical 
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winding, where in hoop winding the tow is perpendicular to the axis of rotation, whereas  in helical winding 

material is deposited in a helical path unidirectionally[44].  This process is mostly applied to epoxy, 

polyester, vinylester and phenolic resins.  The process is rapid and useful for laying a large quantity of 

material, the resin content can be controlled by metering.  The cost is reduced because only one process 

occurs, there is no need to convert the fiber into fabric.  Furthermore, the structural properties of the 

laminate are good, because linear fibres can be placed in various orientation.  On the other hand, this 

process has its limitations it can only be applied to convex shaped products.  The application of the fiber 

is difficult along the length of the laminate, the external surface of the component is unmoulded and lastly 

the costs of the mandrels used are very high[44]. For certain applications such as pressure vessels and fuel 

tanks, filament winding is the only method which can make cost-effective and high-performance parts. It 

utilizes low-cost raw material systems, and low-cost tooling to make low-cost effective composite parts. 

The process can be automated for high volume production. On the other hand, it is limited to closed or 

convex structures, it cannot be used to make open structures. Not all fibre angles are easily produced 

during the process, low fibre angles are challenging and can affect fibre stability. This process can only 

achieve a fibre volume fraction of approximately 60%, furthermore, it is difficult to obtain uniform 

distribution and resin content throughout the thickness of the laminate[43]. 

 

Figure 2-5 - standard filament winding setup [35] 

2.2.4 Pultrusion  
 Pultrusion is a process mostly for creating long and straight shapes of uniform cross-section.  The 

composite material is pulled through a die, the reinforcements are resin impregnated by drawing through 

a resin.  They can be shaped within a guiding or preforming system, once shaped they are cured through 

a preheated die or set of dies[44].  Mostly applied to epoxy, polyester, vinylester and phenolic resins, it is 

an economic method for impregnating and curing materials.  The amount of resin can be controlled, and 

the fiber cost is reduced because it is taken from the creel.  It is possible to obtain high fiber volume 

fractions and good structural properties due to the straight fiber orientations.  The process can be enclosed 

minimizing emissions from the process, but the geometries of the components are limited to constant 
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cross-sections and the heated die can be very expensive[44]. Due to its continuous nature, it can be 

automated, and is suitable for making high-volume composites. It utilises low-cost fibres and resin and 

provides low-cost commercial products. It is limited to shapes with constant cross-sections, tapered and 

complex shapes cannot be produced. Parts which require high internal and external tolerances cannot be 

produced, as well as thin-walled parts. The fibre angles are limited to one orientation, meaning structural 

parts requiring multi-axial loading cannot be manufacture with this process[43]. 

 

Figure 2-6 - standard pultrusion setup [35] 

2.2.5 Resin transfer moulding  
 Resin transfer moulding is a technique used to manufacture large and complex items.  Two halves 

of a mould are filled with reinforcement and clamped together, the resin is then pumped into the mould, 

hereby infusing the material inside with the resin[44].  Can be applied to epoxy, polyester, vinylester, 

phenolic and in certain cases high temperature bismaleimides.  Voids can be limited, and high fibre 

volumes can be achieved.  Health & safety regulations are met because the process is enclosed, this also 

reduces the labour costs and creates a component which has moulds on both surfaces.  On the other hand, 

the tooling is expensive and extremely heavy, the process is also limited to small components and 

unimpregnated areas can cause unnecessary expenses[44]. Reduced tooling costs and operating expenses 

make this a suitable process to manufacture prototypes, where the mouldings can be manufacture to 

dimensional tolerances. Complex parts can be manufactured at intermediate volume rates, allowing 

limited production runs in a cost-effective manner. A good surface finish is possible on both sides of the 

manufactured part, also for structural parts selective reinforcement and accurate fibre management are 

possible. Good joining and assembly features are possible, as inserts can be easily incorporated into 

mouldings. The process has low volatile emissions because of the closed moulding process, and it offers 

near-net-shape parts, which reduces material wastage and overall machining cost. The process can also 

be automated, which results in a higher production rate and produces less scrap. Despite all these 

advantages of resin transfer moulding, there are several limitations to this manufacturing technique. 

Complex parts require a lot of trial and error to ensure the flow of the resin is uniform and reaches all the 

dry areas of the mould. Initial tooling and equipment costs for this process are higher than for other 

processes, the tooling design is also complex and time consuming. 
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Figure 2-7 - standard resin transfer moulding setup [35] 

 Once the composites are cured, they can undergo several processes, they can be machined, 

drilled, and sawed to meet requirements.  The tools must be sharp, and they are often diamond or carbide 

tipped because of the high abrasive quality of composites, also during the machining a coolant is used to 

prevent the workpiece overheating[44].  Once machined some parts need to be attached depending on 

their application, this is done by using one of two methods: adhesive bonding or mechanical fastening.  

Adhesive bonding creates strong permanent joints some of which include lap joint, double lap joint, 

overlays, and scarf joints.  This method creates very strong and permanent joints, by placing the workpiece 

in a fixture and pressing it until cured.  In some cases, high temperatures are required but it is usually done 

at room temperature[44].  Mechanical fastening involves using rivets, pins, bolts, or other fasteners.  These 

fasteners can be either metallic or composite in nature, this is unique to each application.  It is very 

important not to damage the workpiece during the fastening process, care must be taken when drilling 

holes as not to cause cracks to form.  Incorrect methods can also lead to delamination of the composite 

and a severe degradation in the properties of the workpiece[44].   

2.3 Resin systems 
 Resins are the binding constituent within a composite, which allows for load transfer between the 

embedded fibres. A constituent of composite materials and their chemical composition and physical 

properties, have a direct effect on the processing, fabrication, and overall properties of composite 

materials.  Any resin system is required to exhibit certain properties depending on its application, some of 
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these include good mechanical properties, good adhesive properties, good toughness, good resistance to 

environmental degradation, good electrical properties,  and good thermal resistance.  Furthermore, the 

curing of resins also influences their properties, the process is divided into three categories stage A, B and 

C.  The first involves the mixing of the base material and the hardener but chemical reaction has not yet 

begun, an example of stage A is the wet lay-up procedure.  During the second stage the chemical reaction 

begins, making the material thicker and slowly forming the final product.  The final stage is where the resin 

is fully cured, depending on the materials used and the application of the end product, different resins will 

require varying temperatures and cure times. 

2.3.1 Polyester resins 
 Polyester resin systems are the most commonly used in industry due to ease of manufacture, these 

are the unsaturated type which are thermosets.  So, it can be cured from a liquid or solid state depending 

on the conditions provided.  The main difference between saturated and unsaturated polyesters is that 

saturated polyesters cannot be cured in the same way.  Esters are created by reacting an alcohol with an 

acid, which also produces water as a by-product[45].  Furthermore, the addition of saturated dibasic acids 

and cross-linking monomers create polyesters.  Owing to their unsaturated nature the tensile strength is 

reduced when compared to other resin systems.  Mainly because of their cheap cost and faster cure times, 

which translates to an efficient turnover for manufacturers. The three most common types of polyesters 

used in the composite industry are: (i) Orthophthalic resins are based on orthophthalic acid and are a good 

basic, general purpose inexpensive resin.  They are mostly used in applications that do not require high 

temperatures, high corrosion resistance or high mechanical properties. (ii) Isophthalic polyesters are more 

commonly used due to their better corrosion resistance, mechanical properties, and resistance to high 

temperatures.  However, owing to their better performance they incur a higher cost than orthophthalic 

resins. (iii) Dicyclopentadiene Resins – these are used for applications that require a high surface finish.  

Their physical properties are like orthophthalic resins, they are usually blended with other resins to 

improve their overall properties. Commercial polyesters usually consist of three components: polyester, 

monomer, and inhibitors.  Where styrene tends to be the most commonly used monomer, whereas 

inhibitors are necessary to improve the resins storage and working life.  The reaction is a free radical chain 

growth co-polymerisation between the styrene monomer and the unsaturated polyester molecule[46].  In 

general polyester resins are viscous, pale-coloured liquids consisting of a polyester solution in a monomer 

like styrene.  The addition of styrene reduces the viscosity of the resin, thus making it easier to handle.  It 

also enables the resin to cure from a liquid to a solid by cross-linking the molecular chains of the polyester 

[47].  Therefore, these resins can be moulded without the use of pressure, therefore they are known as 

contact or low-pressure resins.  One disadvantage of polyester resins is that they have a limited storage 

life, as they tend to set on their own after prolonged periods [48].  To be used in moulding processes, 

polyester resins require the addition of several products, some of which include Catalysts, accelerators, 
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and additives.  Catalysts do not take part in the chemical reaction; they just activate the process which 

might have occurred slowly otherwise.  Accelerators are added to the catalysed resin to enable the 

reaction to occur at room temperature and a faster rate [47].  Once the polyester resin is cured it becomes 

significant more chemically resistant, but due to the nature of the cross linking of the molecular chains 

polyester laminates tend to be brittle when shock loading is applied [49].  The preparation stage is 

extremely important prior to moulding.  The resin itself and any additives must be stirred correctly and 

evenly before the addition of a catalyst.  This has an effect later during lamination where air bubbles can 

form within the laminate [50].   

 

Figure 2-8 - an isophthalic polyester 

2.3.2 Vinylester resins 
 Vinylesters are the products of numerous epoxide resins and unsaturated carboxylic acids and, in 

common with polyesters, they required additives, reinforcements, and fillers.  The process by which these 

resins react is free radical polymerisation, this is an exothermic process and the rate of the reaction 

depends on the temperature and concentration of the primary constituents[51].  The viscosity of the resin 

can be controlled by altering the molecular weight of the vinylester and the styrene content[52].  Similar 

in their molecular structure to polyesters, their terminally-located reactive sites, result in tougher and 

more resilient network architecture as the whole chain is available to absorb shock loads[53].  They also 

have proportionately fewer ester groups, which are prone to hydrolysis, and consequently they are 

sometimes used as a skin or barrier for polyester laminates.  The cured structure of vinylesters tend to be 

tougher than unsaturated polyesters, but they may display poorer surface quality[54], while display a level 

of chemical resistance that makes them useful in organic solvent environments.  They also have high 

resistance to vibrational loads due to their tolerance to stretching, in turn reduced stress cracks form and 

they can absorb larger impacts [54].  Another aspect of their performance is their outstanding thermal 

stability, which arises because of the cross-linking of the side chains in the molecular structure[55].  

Vinylesters do not easily bond with other structures, or even to other vinylester resins that have already 

cured.  This makes it difficult to perform repairs on vinylester resins, as it can lead to delamination within 

the structure[53], but owing to their durability compared to polyesters, they are widely used in marine 

applications, they are also used as final coatings over polyesters to prevent blistering. 
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Figure 2-9 - epoxy based vinylester 

2.3.3 Epoxy resins 
 These are some of the best-performing higher performance resins available today, as they not only 

tend to outperform many of their resin counterparts in terms of; mechanical properties and resistance to 

degradation, but their balance of adhesive properties and resistance to water damage make them very 

useful in marine applications[56].  The linear polymers (i.e. polyethers) are produced by the condensation 

of epichlorohydrin with bisphenol A, whereas others include glycidyl esters, glycidyl ethers and brominated 

resins[56]. To create different resins, the ratios of the core components are altered.  The oxirane (epoxy) 

functional group consists of an oxygen atom bonded to two carbon atoms.  They can be identified by their 

amber or brown colour[57].  The liquid resin and the curing agents tend to form low viscosity systems, and 

they rapidly cure at temperatures between 5°C to 150°C.  Catalysts, hardeners, and accelerators are also 

used here, either acting as catalysts or directly reacting with the resin.  Epoxies are cured by a hardener 

rather than a catalyst, where the hardener tends to be an amine.  Both materials are involved in the 

exothermic chemical reaction, with two epoxy sites binding to each amine site, to form a complex three-

dimensional structure[56].  It is important to mix the correct ratio of resin and hardener, so that a complete 

reaction can take place.  With the correct combinations of additives epoxies can exhibit exceptional heat 

resistance, sometimes up to 200°C, as well as good electrical properties[56].  Epoxies generally cure at low 

temperatures as they cure more slowly than other thermosets.  High heat curing is carried out in cases 

where maximum performance is required [58].  There are cold cure epoxy resins available, but of these, 

the best performing epoxies are cured around 40-60°C.  They exhibit low shrinkage during the curing 

process which minimizes internal stresses.  Their high adhesive strength and mechanical properties are 

further enhanced, by high electrical insulation and good chemical resistance.  The absence of the ester 

group makes epoxies water resistant, they can also absorb more mechanical and thermal stresses due to 

the two ring groups at its centre[57]. 
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Figure 2-10 - difunctional epoxy resin monomer, the diglycidyl ether of Bis-A 

2.3.4 Phenolic resins 
 When observed at room temperature, phenol is a solid white material with needle like crystals 

amorphous material.  With a melting point of approximately 40.9 °C, in its molten state it is a clear 

colourless liquid[59] and, on exposure to air, it turns pink due to certain impurities such as copper and iron 

from its production phase.  Phenol is also soluble in aromatic hydrocarbons, alcohols, ketones, ethers, 

acids, and halogenated hydrocarbons, but less soluble in aliphatic hydrocarbons[60].  Phenol contains a 

hydroxyl group and an aromatic ring; these groups complement each other and facilitate electrophilic and 

nucleophilic reactions.  Phenol is highly reactive towards electrophilic substitution, which promotes the 

acid catalysed reaction with formaldehyde to form phenolic resins[60].  Phenol has a unique ability to react 

with formaldehyde under basic and acidic conditions.  This leads to the formation of two different types 

of resin systems: Novolak resins (acidic conditions) or Resole resins (basic conditions)[59] and, owing to 

the delocalization of the unpaired electron pair on the hydroxyl group, this leads to an electron excess at 

the ortho and para positions to the hydroxyl group, which facilitates halogenation, sulfonation, and 

nitration.  Under certain conditions acid catalysts aid the conversion of phenol and formaldehyde into 

bisphenol F or acetone to bisphenol A[61].  Currently the cumene-phenol process is the leading method 

for phenol production, it begins by oxidizing the cumene with oxygen to form cumene hydroperoxide, the 

peroxide is further decomposed to phenol and acetone by using a strong mineral acid as a catalyst.  A 

major contributing factor is the molar ratio of formaldehyde to phenol with acid or base.  Heat reactive 

phenolic resins called Resoles, are created using a base catalyst and the molar ratio of formaldehyde can 

range from below the equimolar amount to around 3-4 moles of formaldehyde.  If less than the equimolar 

amount is of formaldehyde to phenol is maintained under acidic conditions, then a Novolak resin is 

created.  Apart from basic and acidic conditions a transition metal salt catalyst can be used, under mildly 

acidic conditions it yields uniformly, structured phenolic resins called ortho phenolic resins.     
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Figure 2-11 - basic Resole (left) and acidic Novolak (right) 

2.3.5 Cyanate Esters 
 Cyanate esters can be prepolymers or cured resin systems, where prepolymers contain the 

reactive cyanate functional group.  These monomers and their polymers are esters of bisphenols and 

cyanic acid.  They can be cured at high or low temperatures depending on the catalyst being used[62].  

Cyanate esters exhibit some favourable properties such as; low dielectric losses, good adhesive properties, 

high glass transition temperature (250-300 °C), processability, solubility in ketone solvents and low 

moisture absorption[63].  Cyclotrimerization is a process which a facilitates the conversion or curing of 

thermoset plastics.  This addition process allows the formation of three-dimensional networks of oxygen 

linked triazane and bisphenyl units, but catalysts are required due to the high temperature at which they 

cure, and the low rate of reaction[64].  A commonly used co-catalyst is copper(II) 

acetylacetonate/nonylphenol due to is miscibility in neat resins and its ability to promote high degrees of 

conversion without causing hydrolysis of the cyanurate ester linkage or retroconversion [65].  

 

Figure 2-12 - a standard cyanate ester 
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2.3.6 Polyurethanes 
 Polyurethanes are formed during the manufacturing process through an exothermic reaction 

occurs between polyols (having multiple hydroxyl groups per molecule) and polyfunctional isocyanates to 

produce a series of urethane linkages[66].  The physical properties of polyurethanes depend on the original 

reactants.  The properties are influenced greatly by, relative molecular mass, number of reactive functional 

groups and the molecular structure. Polyurethanes are the by-product of a reaction between isocyanates 

and polyols[67].  The two main isocyanates that contribute to 95% of all polyurethanes are; TDI 

(methylbenzene diisocyanate) and MDI (diphenylmethane diisocyanate)[67].  Polyols used in the 

manufacture of polyurethanes are either; hydroxyl-terminated polyethers or hydroxyl-terminated 

polyesters.  They have the necessary reactivity with the isocyanates, to produce polyurethanes with 

specific properties.  If a linear polymer is required, then a polyol with 2 hydroxyl groups is mixed with a TDI 

or MDI[67].  However, if the polyol contains multiple hydroxyl groups, then adjacent molecules will form 

cross links.  Cross-linking within a polymer structure creates more rigid polyurethanes, that exhibit better 

mechanical properties forms a rigid thermosetting polymer [68].  The physical properties of polyurethanes 

depend on the original reactants and are influenced greatly by, relative molecular mass, number of 

reactive function groups, and molecular structure. 

 

Figure 2-13 - formation of a urethane monomer 

2.3.7 Bismaleimides 
Poly-bismaleimides are high performance polyimides as they exhibit; high strength and rigidity at high 

temperatures, long term heat stability, good electrical properties and low moisture absorption[69].  They 

have good dimensional stability and perform extremely well at high temperatures.  Furthermore, they 

exhibit good chemical resistance, high strength, and long-term creep resistance, which makes them a 

suitable replacement for metals in certain applications.  Generally, BMIs are blended with reactive co-

monomers like vinyl and allyl compounds, which makes them easier to process and improves their 

toughness and flexibility[70], but due to the h gh v scos ty of these m xtu es’ d luents a e needed to 

improve their processability.  Owing to their crystallinity, BMI resins are usually insoluble in ordinary 

organic solvents but are soluble in high boiling aprotic polar solvents[70].  Polyaddition within BMIs gives 

rise to three-dimensional cross-linked thermoset structures which exhibit high temperature resistance.  

Also, during the process no volatile by-products are produced, which makes them well suited as reactive 
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adhesives that achieve high performance properties[71].  However, owing to this highly cross-linked 

structure BMI resins are quite brittle; this can be improved by chain-extended BMI molecules.  But this 

induces a reduction in the thermal properties of the resin such as; decomposition temperature, glass 

transition temperature and thermal stability[70]. 

 

Figure 2-14 - Bismaleimide structure 

2.3.8 Polyimides 
Polyimides are strong synthetic polymers which are also highly thermally and chemically resistant.  They 

are common replacements for steel and glass in many industrial applications.  Polyimides are usually linear 

or heterocyclic ladder polymers, each of them has their own unique applications[72].  Aromatic polyimides 

have good mechanical and thermal properties, due to the strong intermolecular forces between polymer 

chains.  Which involve polar interactions, aromatic stacking and charge transfer complexation[73].  

However, the high molecular strength and rigidity of aromatic polyimides makes them difficult to process 

and, other monomers are used that contain more flexible segments and these properties are transferred 

to the entire structure[74].  Polyimides generally must be processed by using a solvent, it usually takes two 

steps from aromatic diamines and aromatic tetracarboxylic dianhydrides.  The first step involves the 

addition of dianhydride to a diamine, this is conducted at ambient or low temperatures in a high boiling 

dipolar solvent.  Moving on to the second step which involves a poly-cyclodehydration reaction of the 

polyamic acid, which forms the final polyimide with a different molar mass depending on the 

composition[75].  A large variety of polyimides can be formed from several monomers, where even subtle 

variations in the primary components can have a major effect on the properties of the final polyimide.  

One major drawback of this method is the presence of solvents, and the formation of water and carbon 

dioxide.  These products need to be removed from the resin for it to achieve its highest performance[76]. 
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Figure 2-15 - simple imide structure 

2.3.9 Benzoxazines 
 Benzoxazines consist of an oxygen and nitrogen atom attached to a benzene ring.  They exhibit 

very good flame-retardant properties and are favourable replacements for phenolic resins.  They also 

display a high char yield, near-zero shrinkage, good electrical properties and low water absorption[77].  

The benzoxazine ring is stable at room temperature, at higher temperatures it forms high molecular weight 

oligomers and creates hydroxyl and tertiary amine groups.  Phenols, primary amines and aldehyde are the 

building blocks for benzoxazine synthesis, which results in ring opening polymerisation creating a reactive 

site which allows hybridization with other resins[78]. Unlike the production of phenolic resins which 

produce harmful by-products, benzoxazine production produces no other products.  Benzoxazines do not 

require a catalyst during cure, which again is advantageous over phenolic resins which require a hardening 

agent to cure[77].  Benzoxazines also exhibit excellent molecular design flexibility meaning the mechanical 

and physical properties can be tailored specific to any application.  They are limited slightly by their high 

brittleness and high temperatures required for open ring polymerisation[77].  There is also little evidence 

supporting their performance in chemical environments. 

 

Figure 2-16 - simple benzoxazine structure 
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2.4 Fibres  
 The fibres are the main load bearing constituents of composites, with the main goal being 

improving the high specific strength and/or specific stiffness. The fibres are held in place by the matrix 

resin and contribute to the tensile strength and enhances performance properties. They can be classified 

into two types: continuous or discontinuous fibres. Long fibres (continuous) are preferred for high load 

bearing applications, whereas, shot fibres (discontinuous) are less effective in improving strength as the 

fibre ends are less effective in load bearing scenarios. Fibre orientation also plays an important role on the 

strength and other properties of the composites. Where aligned fibres (usually continuous fibres) and 

randomly orientated fibres (usually discontinuous fibres), are used for specific applications and provide 

unique properties. Their properties are determined by the fibre manufacturing process and the ingredients 

and coating chemistries which are used in the process. 

Table 2-3 - common fibres and their properties[79] 

Fibre Density Elongation Tensile Strength Young’s modulus 

Aramid 1.4 3.3-3.7 3000-3150 63-67 

E-glass 2.5 2.5-3 2000-3500 70 

S-glass 2.5 2.8 4570 86 

Hemp 1.48 1.6 550-900 70 

Jute 1.3-1.46 1.5-1.8 393-800 10-3. 

Flax 1.4-1.5 1.2-3.2 345-1500 27.6-80 

Sisal 1.33-1.5 2-14 400-700 9-38 

Coir 1.2 15-30 175-220 4-6 

Kenaf 0.6-1.5 1.6-4.3 223-1191 11-60 

Carbon 1.4 1.4-1.8 4000 230-240 

 

2.4.1 Synthetic fibres 
 Synthetic fibres or man-made fibres are produced by chemical synthesis, they can be classified as 

organic or inorganic depending on their chemical composition[80]. Glass fibres are commonly used as they 

provide excellent strength, durability, thermal stability, resistance to impact, chemical durability, friction, 

and wear properties. Despite their desirable properties they are limited by their manufacturing process, 

as it is slow and causes tool life reduction on conventional machines. Furthermore, their disposal at the 

end of their life cycle is complicated and expensive process, which deters from its use due to environmental 

and sustainability issues[81]. Most applications require higher stiffness properties, this is where carbon 

f b es a e ut l sed  nstead of glass f b es. Fo  example, the Young’s modulus of sol ds and foams  nc eased 

by 78% and 113%, when the weight percentage of carbon fibres was increases from 10% to 30%. Also the 
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improvement in the cellula  st uctu e  mp oved the Young’s modulus of the foams by 35%, when ca bon 

fibre/polypropylene was used to make composite foams prepared by microcellular injection moulding[82]. 

Graphene fibres are relatively new high-performance fibres, which exhibit high tensile strength along with 

excellent electrical conductivity, when compared to carbon fibres. They are commonly used in lightweight 

conductive cables and wires, knittable supercapacitors, micromotors, solar cell textiles, and actuators[83]. 

Molecular dynamics simulations of polymer composites with graphene reinforcements, showed an 

 nc ease  n the Young’s modulus, shea  modulus, and ha dness by  50%, 27.6%, and 35%. A reduction in 

the coefficient of friction and abrasion rate of 35% and 48% was also achieved[84]. Basalt fibres on the 

other hand possess better physical and mechanical properties over fibreglass, and they are considerably 

cheaper than carbon fibre. The effect of temperature on basalt fibre-reinforced polymer composites was 

investigated, showing an increase in static strength and fatigue life at a certain maximum stress observed 

with a decrease in temperature[85]. Kevlar reinforced composites exhibit high impact strength and a high 

degree of tensile properties, but due to their anisotropic nature they have low compression strength 

compared to glass and carbon fibre. The thermal properties of Kevlar reinforced composites are enhanced 

by hybridising them with glass or carbon fibres[86]. 

2.4.2 Natural fibres 
 Unlike synthetic fibres, natural fibres are comparatively easier to obtain and are considerably 

cheaper. Depending on the type of natural fibre they can exhibit some favourable properties like 

biodegradability, low cost per unit volume, high strength, and specific stiffness. This translates to an overall 

benefit in composite laminates, as the use of natural fibres promotes reduced weight, cost, toxicity, and 

environmental pollution. With regards to sustainability these factors make natural fibres appealing over 

synthetic fibres for modern applications[37]. Depending on the type of natural fibre, they all have similar 

structures with varying compositions. The combination of long and short fibres in thermoset matrices has 

manifested high-performance applications[87]. More specifically, Sisal fibre-based composites are 

regularly used in the automotive industry for interiors and upholstery, due to their good tribological 

properties. When sisal fibres were used to reinforce with polyester composites, the tensile strength 

increased with fibre volume, further combinations with polyethylene composites, a tensile strength of 12.6 

MPa was observed in 6mm long sisal fibres[88]. Composites using hemp fibres exhibited a 52% increase in 

specific flexural strength of a material, when compared to glass fibre reinforced composites with a 

propylene matrix[89]. A 5% maleic anhydride-grafted polypropylene mixed with a polypropylene matrix 

and then reinforced with 15% by weight, with alkaline treated hemp fibres showed an improvement in 

flexural strength and tensile strength by 37% and 68% respectively[90]. Kenaf fibres used to reinforce 

polylactic acid thermoplastics, exhibited tensile and flexural strengths of 223 MPa and 254 MPa 

respectively[91]. Alkali-treated virgin kenaf fibre reinforcements used in a polyester matrix, improved the 

flexural strength and modulus from 42.24 MPa and 3.61 GPa, to 69.5 MPa and 7.11 GPa respectively[92].  
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2.4.3 Hybrid fibres 
 The use of synthetic and natural fibres is common in thermosets and thermoplastics, but in some 

cases desirable properties also bring out the negative factors of the associated fibre. In order obtain the 

desired benefits of design flexibility and sustainability, natural fibres are hybridised with small amounts of 

synthetic fibres, to increase their performance in technical applications. Combined hemp/glass fibre hybrid 

polypropylene composites exhibited a flexural strength of 101 MPa and a flexural modulus of 5.5 GPa, 

when 25% of hemp and 15% of glass fibres were present in the composite. A improvement in the impact 

strength and water absorption properties was also noted[93]. Analysis of oil palm/kenaf fibre reinforced 

epoxy hybrid composites by scanning electron microscope, revealed excellent interfacial bonding between 

the fibre and the matrix and improved tensile and flexural properties. Further comparison with other 

composite laminates, the oil palm/kenaf composite showed improved energy absorption during impact 

loading[94]. A carbon/flax fibre epoxy hybrid composite resulted in a 18% reduction in the average weight 

of the material, and a maximum interlaminar shear strength of 4.9 MPa and a hardness of 77.66 HRC was 

observed[95].  

2.5 Flame Retardancy 
 The flame-retardant market is ever growing and constantly evolving to meet the requirement of 

consumers.  There are a variety of retardants available today, but some are preferred more over others, 

in 2016 the most popular retardants were aluminium trihydroxide (38%), organophosphorus compounds 

(18%), brominated compounds (17%) and antimony oxides (8%).  However, this is highly dependent on the 

current regulations at any given time, for example brominated hexabromocyclododecane (HBCD), is 

banned in the European Union, Japan, and Canada.  China is rapidly developing flame-retardant 

technology, due to the ban on HBCD compounds.  The next largest market segment goes to Aluminium 

trihydroxide.  Whereas, in Europe, the Middle East and Africa the market is regulated mostly by 

construction & transportation.  The most prominent segment is that of brominated retardants, as the 

technology is shifting towards reactive rather than additive retardants.  Organophosphorus compounds 

and aluminium trihydroxide are the fastest growing segments, but this can change depending on action 

taken by the regulatory bodies.  As a result of manufacturing processes moving out of Japan, consumption 

of resins has fallen in Japan and in turn this has affected the flame-retardant market as well.  In the rest of 

Asia brominated retardants are still common, and the rest of the market segments are growing steadily.  

The major players in the flame-retardant industry are ICP-IP, MDH, Lanxess, ATO, Nabaltec AG, Jiangsu 

Yoke Technology Co. Ltd and Daihachi Chemical Industry Co. Ltd. Pyrolysis is a thermally induced 

decomposition of solid polymers, where smaller particles become volatile by mixing with oxygen and 

undergo combustion.  This process releases a significant amount of heat, which can radiate to other parts 

of the polymer, continuing the pyrolysis until the flame triangle is broken.  When analysing a polymer 

during pyrolysis, several areas can be identified within that frame of reference: the first being the flame 



Chapter 2 – Literature review    Jibran Sajjad Yousafzai 

38 
 

zone where the particles from polymer degradation interact with the flame and release heat[16].  The char 

zone also the critical zone during polymer combustion, it regulates mass and heat transfer between the 

gas and condensed phases[16].  This is followed by the molten polymer zone, where the initial degradation 

of the polymer occurs.  They then migrate through the critical char zone into the flame zone, but this 

depends on the porosity of the char layer [16].  The final zone is the underlying polymer zone, which is in 

direct contact with the molten zone but remains unaffected.  Apart from the flame zone which acts in the 

gaseous phase, the other three zones act in the condensed phase[16].  

 

Figure 2-17 - thermal decomposition of polymer composites[96] 

 The gas phase mechanism and the condensed phase mechanism act differently.  The condensed 

phase acts due to additives incorporated into the polymer which changes the degradation pathway, by 

creating a char layer that protects the surface of the polymer.  The char formation reduces the effect of 

the flame on the rest of the material, furthermore water vapour is also released which could dilute the 

flammable constituents.  The char layer reduces the heat transfer within the polymer and reduces the 

degradation of the polymer.  Char quality is dependent on the carbon content, thermal oxidative resistance 

and the morphological features[16].  The gas phase mechanism interferes in the combustion process, by 

inhibiting the reaction between the flame and the volatile by-products.  Usually containing halogen 

elements such as chlorine and bromine, which release free radicals Cl* and Br* that interact with highly 

reactive ions like H* and OH*.  This hinders the exothermic nature of the reaction, cools the system and 

reduces the feed of flammable gases within the polymer[16].  Thermoplastics tend to drip and flow during 

combustion which contributes negatively to flame spread, whereas most thermosets do not drip instead 

they release gases.  The exact outcome of polymer combustion depends on the polymer being used, 
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depending on the chemical structure and its unique properties[97].  A study conducted by Lyon at the 

Federal Aviation administration showed, polymers with mostly sp³ carbon bonds potentially release more 

heat, whereas polymers with sp² carbon bonds tend to release lower amounts of heat.  But flame-

retardant characteristics cannot just be defined by the chemical structure, this omits the effect of high 

smoke, dripping and release of toxic gases[97].  For polymers it is important to analyse the heat release, 

smoke release, mechanical properties in fire conditions and polymer behaviour in specific scenarios.  

Improving flame retardancy in materials can be achieved by using fire protection shielding, this completely 

removes the risk of a flame near the product[98].  This method is severely limited in its applications, if the 

shield of material is damaged then the material inside is at risk.  Also, in some situations the geometry 

might not allow for covers or shields, and this makes this method quite primitive.  Secondly, inherently 

flame retardant polymers can be used as alternatives, they can be moulded into various shapes which 

makes them useful[98], but this is limited by the cost and the environmental impact of some polymers.  

For example, fibre reinforced polymer composites used in aerospace and maritime applications tend to be 

very difficult to recycle.  Thirdly, flame retardant additives can be added to the material, this is the most 

common approach used in high level applications[99].  Chemicals can be incorporated which decompose 

endothermically, hereby preventing the temperature from increasing which produce non-flammable by-

products and have a high char yield.  Where the char acts as a barrier and protects the rest of the material 

from heat and gases.  The final method is called the gas phase mechanism, this is where the chemical used 

releases even more non-flammable gases, hereby choking the flame by reducing the oxygen content in the 

region[16]. 
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Figure 2-18 - thermal transfers during combustion[100] 

  The two main types of flame retardants are either: additive or reactive.  Additive flame 

retardants are not chemically bonded to materials in the product, they retain their chemical structure and 

disperse into the material, but the downside of additive retardants is that they can escape from the 

product and accumulate in dust.  In contrast, reactive flame retardants are chemically bonded to the 

polymers or materials in the product, but owing due to their chemical bonds they are less likely to be 

released into the atmosphere[101]. There are exceptions to the additive and reactive rule, for example 

tetrabromobisphenol-A (TBBPA), can be used in either form depending on the application in which it is 

being used.  This is unusual because reactive and additive retardants have varying physical and chemical 

properties and cannot be interchanged[102]. 

2.5.1 Halogenated retardants 
 This is the largest class of flame retardants in use today, halogenated refers to the group of 

elements in the periodic table, fluorine, chlorine, bromine, iodine, and astatine.  The flame retardants 

containing halogens can be either aliphatic or aromatic depending on the carbon substrate, or they can 

come in inorganic forms as well[103]; they are effective in absorbing energy and can slow the spread of 

fire.  They are immune to hydrolysis, biological and photolytic degradation, which makes them long lasting.  

All the halogens can be used as flame retardants, but chlorine and bromine are the most effective due to 

their chemical characteristics[102].  Fluorine and Iodine compounds do not interfere with polymer 

combustion, due to the high thermal stability of fluorine compared to some polymers whereas Iodine 
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compounds are less thermally stable than some polymers.  Bromine and chlorine can be used as additives 

or reactive retardants, they consist of a carbon-based structure with halogens attached.  The most 

effective compounds are organohalogens, more specifically organochlorine and organobromine which are 

commonly used because the C-Br is suitable for preventing flame spread in the material.  Due to the bond 

strength being sensitive to heat, which releases the Br* free radical which inhibits other volatiles[97].  

Furthermore, producing organobromine compounds is very efficient, and large quantities can be produced 

in one sitting: they can deliver a high quantity of bromine to the affected area.  However, this does not 

mean that all organobromine compounds can be used as suitable flame retardants, this is dependent on 

the requirements of the polymer itself, the overall cost, and the effectiveness with which they can inhibit 

the spread of the flame.  These retardants can be used in conjunction with synergists; antimony oxide, zinc 

borate or various phosphorus-based compounds[101], which improve the efficiency of the halogen 

retardants and improve their performance in the vapour phase.  Even though halogenated retardants are 

commonly used, and they are cost effective, they still exhibit several limiting factors.  During pyrolysis they 

tend to release a large amount of smoke and corrosive gases, which makes them unsuitable from an 

environmental perspective[104].  Owing to the inhibition occurring in the combustion zone, partially 

combusted molecules like CO are also produced.  Furthermore, if the bromine has completely reacted with 

the fire, the remaining polymer will combust if more heat is introduced.  To make halogenated retardants 

more effective a large amount of the halogen needs to be present.  Which makes the release of smoke 

and corrosive gases even more likely within the polymer[103].  This allows the halogenated additives to 

outlast the lifetime of the polymer and remain in the environment surrounding the initial product.  

Therefore, halogenated retardants and products consisting of them are heavily scrutinized and are subject 

to strict global regulations and health & safety standards[105].  The industry is responding to these 

restrictions by producing easily recyclable retardants or focusing more on reactive flame retardants rather 

than additives.  There are exceptions to these restrictions as a limited number of polymers still use 

brominated retardants.  

2.5.2 Non-halogenated retardants 
 These are the second largest class of flame retardants in use and, in common with their 

halogenated counterparts they can also be used in additive or reactive retardants.  Phosphorus and 

nitrogen are commonly used as elements in this category.  Phosphorus based retardants are expensive as 

the chemistry to introduce the phosphorus to carbon bond is complicated, to overcome this issue oxygen 

to phosphorus bonds are formed and any organic group attached to the oxygen[101].  Red phosphorus is 

the only inorganic phosphorus-based flame retardant in use, whereas white phosphorus is pyrophoric 

meaning depending on the molecular structure, it can behave as a fire initiator or as a flame retardant[16].  

Furthermore, phosphorus compounds can be vapour phase or condensed phase retardants, once again 

depending on their chemical composition, but this also depends on the polymer being treated[106].  Most 
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additions of materials to these retardants, are to improve char formation or the oxidative durability of the 

char formed.  Phosphorus retardants are becoming more common than halogenated retardants due to 

the environmental impact of halogenated retardants.  They perform well in high heat flux conditions and 

with the addition of char formation, they provide superior fire performance depending on the amount of 

phosphorus used[107], but they are not free from flaws as they are mostly ineffective in styrene or 

polyolefin polymers.  They also produce large amounts of smoke due to their vapour phase characteristics 

and are being critically evaluated for their effect on the environment[16].   

2.5.3 Inorganic retardants & synergistic additives 
 This class of retardants is inorganic and can be used as retardants or as synergists with other 

retardants.  Synergists are chemicals that combine with other chemicals to improve their efficiency[103]: 

Most do not have significant properties but by combining them with other retardants efficiency is greatly 

improved.  Aluminium and magnesium hydroxides are the most common inorganic retardants, by releasing 

water they absorb energy, both cooling and diluting the affected area[106].  Antimony trioxide is a 

common synergist used with halogenated retardants, it reacts with the halogens during combustion to 

form antimony halides, which is in an endothermic reaction and removes high energy H and OH radicals.  

They are used specifically for addressing specific issues during combustion for example smoke 

formation[101].  Without the presence of carbon in their molecular structure a variety of elements can be 

used here.  Metal oxides are thought to be effective flame retardants, but they are not used in commercial 

applications.  The only commercial inorganic retardant in use are borates, stannates and silicates.  Zinc 

borates are synergists used with halogen retardants, mineral fillers, and phosphorus retardants to improve 

their overall performance.  The borate forms a protective vitreous layer over the surface of the polymer, 

and in cases where oxygen is present, the boric acid produced causes dehydration and the formation of a 

carbonized layer.  They are useful for afterglow conditions where the fire is extinguished, but the overall 

accumulation of heat is still a hazard to the system and its surroundings[108].  Coming on to stannates, 

zinc and zinc hydroxyl stannates are commonly used, they aid in the reduction of smoke formation in 

conjunction with halogenated retardants[109].  Finally, silicates have a varied structure and application, 

they tend to form a ceramic barrier on the polymer surface and are used in combination to provide thermal 

protection[110].  Inorganic retardants act mostly as supplementary performance enhancers for other 

retardants, but due to absence of carbon in their structure they are perceived to have limited 

environmental impact.  This class of retardants is additive in nature due to their inorganic nature, there 

are no known reactive retardants in this category. 

2.5.4 Intumescent retardants 
 This class of retardants behaves differently as they create a protective carbon foam under fire 

conditions, by rising in response to the heat.  These retardants perform in the condensed phase and 

produces its own carbon or uses the polymer as a charring source[102].  Intumescents consist of three 



Chapter 2 – Literature review  Jibran Sajjad Yousafzai 

43 
 

components that give them their characteristics, the first being the acid catalyst which causes the carbon 

to cross link and form a thermally stable foam.  The second component is the carbon source itself and the 

third is the gas former, this causes the carbon to convert into carbon foam[101].  These three components 

work collaboratively to make these retardants effective and a common intumescent retardant is a 

combination of ammonium polyphosphate, pentaerythritol and melamine[111].  In most cases the 

components are separate chemicals, but they can also be combined, and it is possible to vary the structure 

and composition of intumescent retardants depending on their application.  Expandable graphite is a good 

example as it does not require an acid catalyst, as it is its own carbon source and it expands under fire 

conditions[112], the gas trapped between the graphite layers is released and provides thermal protection.  

Similarly, to inorganic retardants there are no known reactive retardants in this category, and the additive 

retardants must be added to the polymer to be effective.  Owing to their versatility, they can provide fire 

safety for several applications, hereby increasing their popularity within the industry.  Intumescent 

retardants suffer from water absorption issues and low thermal stability, as they active before the polymer 

decomposes.  Most intumescent retardants activate at around 180-200°C, with a few going up to 

240°C[113].   

2.5.5 Mineral filler retardants 
 These retardants differ slightly from the retardants mentioned previously, as they fall into the 

endothermic retardant category.  They exhibit unique vapour and condensed phase activity, as the filler 

decomposes endothermically in fire conditions, and this hinders the rate of thermal decomposition and 

the products of the filler are non-flammable, reducing the amount of polymer fuel available for 

ignition[114].  Metal hydroxides are metal carbonates are commonly used mineral retardants, they are 

sourced differently either by synthesis or by mining and are further refined for use as flame 

retardants[106].  There are conditions for using hydroxides and carbonates, they must be able to release 

water or carbon at high temperatures.  The release must be at a suitable temperature so that the filler is 

active before thermal decomposition takes place[97].  This reaction takes place in two stages where an 

intermediate product called boehmite is formed AlOOH.  A further reaction takes place forming alumina 

and water.  This reaction causes the polymer due to the endothermic nature of the reaction; the alumina 

forms a thermal protective coating over the surface and the released water vapour dilutes any combustible 

gases.   Aluminium and magnesium hydroxides are widely used as mineral retardants.  Calcium carbonate 

is combined with other fillers to become an active flame retardant, magnesium carbonate is used as 

hydromagnesite which releases water and carbon dioxide at low temperatures[115].  They are not 

generally used along with synergists but are combined with other retardants to aid in smoke reduction.  

From an environmental perspective, they are more benign than other, as they reduce smoke formation 

and toxic gas release[116].  Furthermore, they are cheaper alternatives and are easy to incorporate into 

polymers, but they do exhibit two main negative characteristics, first they have a small window of 
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effectiveness after the filler is consumed and all the water has been released.  It acts as more of a delaying 

retardant and does not fully extinguish the flame if a constant source of heat is present.  Secondly, a large 

quantity of filler is needed to be effective, this influences the mechanical properties of the polymer[102].  

This can be acceptable in some applications like wires and cables but is unacceptable in areas where high 

mechanical durability is required.  These retardants are only available as additives as no reactive classes 

of this retardant. 

2.5.6 Nanocomposite retardants 
 This innovative method is relatively new compared to other retardants; they consist of polymers 

filled with nanoparticles in the matrix.  This interfacial polymer is a small component of the overall 

polymer, and remains interfacial at the micro, macro and nanoscale[16].  In terms of flame retardancy they 

act as condensed phase flame retardants, by reducing the rate of mass loss from the polymer by forming 

a nanoparticle barrier[117].  This reduces the heat release rate and stops any flow of the polymer, but the 

total heat release stays the same with reduced intensity.  Nanocomposite retardants are not able to 

achieve the requirements of regulatory tests alone, but the reduction in heat release and flame growth is 

very effective[100].  Newer nanocomposites exhibit good thermal, electrical and mechanical properties, if 

combined with traditional retardants they can produce new flame retardants with favourable mechanical 

and thermal properties[118].  This reduces the amount of retardant being used as nanocomposites 

themselves reduce the heat release rate, which has less of an impact on the physical composition of the 

polymer.  They would fall into the category of synergists because they are not suitable on their own.  Clay 

nanoparticles are commonly used for commercial nanocomposite formation, clay is relatively cheap but 

have restricted applications relating to polymers, due to the thermal instability of the clay surface[110].  

The limited understanding of nanocomposites is their biggest drawback, there are further concerns about 

their environmental affects like halogenated retardants. 

2.6 Fire Testing 
 Despite being widely used in various transport applications, for their excellent mechanical and 

structural properties. Polymeric composites are still limited in certain fire situations, due to their organic 

nature and high carbon content. To ensure the continued use of such sustainable composite materials, 

their fire performance must be assessed, more importantly a precise quantitative analysis is required. If 

heat is a major contributor to a hazard, then it is defined as a thermal hazard. Whereas, if fire products 

such as smoke, toxic fumes, corrosive, and odorous compounds are released, then it is defined as a non-

thermal hazard. Furthermore, decomposed, and un-decomposed fire extinguishing agents can also 

contribute towards a fire situation. The need for this quantitative data has brought countless regulations, 

both international and regional, to understand various aspects of fire and how they are related to each 

other and their overall effects pre and post fire. The tests described in this section are for material 

evaluations and are conducted on the resin and not the end product, which is the focus of this work. 
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2.6.1 Ignitability tests 
 This range of flammability tests are commonly used in industry, the most common test is the 

UL94V for measuring ignitibility and flame spread.  It is subject to international standard IEC 60695-11-10 

for small flames[119].  The blue flame has a 20mm central cone and a power of 50 Watts and is used for 

10s, it is applied to the bottom of the specimen and the top of the burner is 10mm from the bottom edge 

of the specimen[100].  Once the flame is extinguished the time is noted, then it is re-applied for another 

10s.  Both the first and second temperatures are recorded, along with a third temperature for the 

afterglow of the material to disappear.  The distance between the flame and specimen must be constant, 

any drips and the burners are rotated by 45° or isolated from the specimen.  Furthermore, if burning 

droplets are present then a piece of cotton located under the sample will be ignited[100]. 

Table 2-4 - ratings for various ignitability tests 

Rating Criteria 

5VA surface burn <60s, 3 applications for 10s, no drips, no holes 

5VB surface burn <60s, 3 applications for 10s, no drips 

V-0 vertical burn <10s 1st burn, <30s 2nd burn, no drips 

V-1 vertical burn <30s 1st burn, <60s 2nd burn, no drips 

V-2 vertical burn <30s 1st burn, <60s 2nd burn 

H-B horizontal burn <75mm/min 3mm thick, <40mm/min 3-13mm thick 
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Figure 2-19 - set-up for standard ULV-94 fire test[100] 

2.6.2 Limiting oxygen index  
 First proposed in 1966 by Fenimore and Martin, it indicates the relative flammability of materials.  

It was initially standardized in France and the United States (ISO 4589)[100].  The LOI value identifies the 

minimal oxygen concentration, required to maintain the flame for 3 minutes or burn 5 cm of the material, 

whilst the material is place vertically and ignited from the top[119].  The test results are expressed on a 

numerical scale, and it simplifies the comparison or materials and the repeatability of the experiment.  Air 

contains 21% oxygen, so materials with an LOI of below 21 are considered combustible and an LOI above 

21 is considered self-extinguishing[100].  This is because the combustion cannot be sustained at normal 

temperatures.  Owing to its unsophisticated nature this test is limited but it is still one of the most widely 

used basic tests performed on all materials that are required to be flame retardant.  
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Figure 2-20 - standard setup for limiting oxygen index test 

2.6.3 Flame spread tests 
 This test analyses the surface burning characteristics of materials, one of the most common tests 

for this is the ASTM test method E-84 more commonly known as the tunnel test.  This test measures how 

far and fast flames spread across the surface of the test sample.  A sample of the material 20 inches 

wide(0.508 m) and 25 feet long(7.62 m), is installed as a ceiling of a test chamber, and then it is exposed 

to a gas flame at one end.  The resulting flame spread rating is expressed as a number on a continuous 

scale, which is divided into three classes. 

Table 2-5 - various ratings for flame spread tests 

Class I/A II/B III/C 

Rating 0-25 56-75 76-200 

Material Brick, Fiber-cement, plywood Cedar, Hemlock, Spruce Birch, Fibreboard, Maple 

Flame Rating 0,0,0 69,73,55 80,167,104 

Flame Class I II III 

 

2.6.4 Cone calorimetry 
 This is one of the most effective test methods for flame retardancy, as it measures the decrease 

in oxygen content in the combustion gases.  It is subject to international standard regulation ISO 5660 and 

ASTM E 1354 in the United States[100].  A 100x100x4 mm³ is placed on a load cell to analyse the mass loss 

in the experiment, a conical heat source radiates the sample from above and combustion is initiated by a 



Chapter 2 – Literature review    Jibran Sajjad Yousafzai 

48 
 

spark[100].  An exhaust duct system captures the gases produced after passing through the heat cone.  

Oxygen, carbon monoxide and carbon dioxide concentrations are measured, further calculations of heat 

released per unit of time are also conducted. The heat release rate (kW/m²) is measured and its peak value 

is recorded for further analysis[119].  Huggett’s obse vat on  s adopted  n th s techn  ue, wh ch  elates the 

amount of heat released to the amount of oxygen consumed.  A proportionality factor is used and is 

constant at 13.1 kJ/g consumed oxygen[99].  The total heat release is acquired by the integration of the 

heat release rate and time curve and is expressed in kJ/m².  This test can also characterize the time to 

ignition, time to combustion, mass loss, carbon monoxide and dioxide quantities and total smoke released. 

 

Figure 2-21 - standard setup for cone calorimetry 

2.6.5 Smoke tests 
 This method is slightly more complicated as smoke production constitutes many variables during 

combustion.  The most common test is the ASTM E662 standard test, this method looks at the specific 

optical density of smoke generated by materials.  It measures the specific optical density of smoke 

generate in a vertical position, up to and including thicknesses of 25.4mm under conditions of flaming 

combustion and non-flaming pyrolytic decomposition[120].  The attenuation of the light beam through 

the smoke generated in a closed chamber is measured.  Further calculations use the chamber volume, the 

specimens exposed area, the length of the light path through the smoke and the light transmitted which 

eventually yields the specific optical density of the material. 
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2.7 Thermal analysis kinetics 
 Thermal analysis kinetics can be used to perform quantitative analysis and form relationships 

between temperature, and physical properties which are measured by thermal analysis techniques 

(DSC,TGA, etc). These methods can estimate the thermal stability and life span of materials, and further 

describe the reaction rate and reaction mechanisms[121]. Multiple methods have been developed for the 

determining the variable kinetic parameters for solid state reactions from thermal experimental data, 

these could be used to visualise the conversion curves of a and/or 𝑑𝛼/𝑑𝑇 as a function of temperature 

of time. These techniques can be divided into model fitting methods or model free methods [122]. The 

temperature dependence of the rate of solid-state reactions is parametrised through the Arrhenius 

equation 2.1: 

𝒌(𝑻) = 𝑨𝒆𝒙𝒑(−
𝑬

𝑹𝑻
)      (2.1) 

 Where A is the pre-exponential factor, E is the activation energy, R is the universal gas constant 

[123]. The use of the Arrhenius has been contested due to the difficulty in interpreting experimentally 

determined values of E and A [124]. Garn stated that the Arrhenius could only be applied to reactions 

which took place under homogenous conditions [125], however Vyazovkin et al. successfully 

demonstrated the thermal decomposition based on an Arrhenius like equation for the temperature 

dependence of the process [126]. Furthermore, the Arrhenius equation is useful for describing k(T) of many 

thermally activated heterogenous solid state reactions such as: diffusion, nucleation, and nuclei growth 

probably due to the system overcoming an energy barrier and the energy distribution is controlled by 

Boltzmann statistics [127]. The isothermal reaction rate for solid state reactions can be described by 

equation 2.2: 

𝒅𝜶

𝒅𝑻
= 𝑨𝒆𝒙𝒑(−

𝑬

𝑹𝑻
)𝒇(𝜶)     (2.2) 

 The same for non-isothermal conditions with a constant heating rate is described by equation 2.3: 

𝒅𝜶

𝒅𝑻
=

𝑨

𝜷
𝐞𝐱𝐩 (−

𝑬

𝑹𝑻
)𝒇(𝜶)     (2.3) 

 Thermal analysis techniques are usually used in non-isothermal conditions, as obtaining strict 

isothermal conditions are difficult especially at the initial stage of a reaction. Kinetics values can differ 

depending on the experimental conditions being employed, as shown by Vlaev et al. where the activation 

energy for dehydrating calcium oxalate monohydrate ranged from 50kJmol-1 – 200 kJmol-1[128]. None of 

the current thermal analysis techniques are independent of the influences from experimental conditions, 

despite strict controls of heating programs, sample size, and initial mass. Current solid-state kinetic theory 

and the usage and interpretation of the Arrhenius equation were supported by both empirical and 

theoretical examinations.  
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2.7.1 Model fitting kinetics 
 This is the most common method employed during thermal analysis kinetics, where experiments 

determine mass or heat change as a function of temperature or time. This method fits different reaction 

models 𝑓(𝛼) or 𝑔(𝛼) into the general kinetic equation, and uses regression analyses to calculate activation 

energy and the pre-exponential factor[121]. The general kinetic integral form is as shown in equation 2.3: 

𝒈(𝜶) = ∫
𝟏

𝒇(𝜶)
𝒅𝜶 = 𝑨∫ 𝐞𝐱𝐩(−

𝑬

𝑹𝑻(𝒕)
)𝒅𝒕

𝒕

𝟎

𝜶

𝟎
     (2.3) 

 For linear heating rates, equation 2.3 leads to equation 2.4: 

𝒈(𝜶) =
𝑨

𝜷
∫ 𝐞𝐱𝐩 (−

𝑬

𝑹𝑻
)𝒅𝑻 =

𝑨𝑬

𝜷𝑹
∫

𝒆−𝑬/𝑹𝑻

𝒙𝟐
𝒅𝒙 =

𝑨𝑬

𝜷𝑹
𝒑(𝒙)

∞

𝒙

𝑻

𝟎
   (2.4) 

 Where p(x) is the temperature integral, the derivation of this equation involves the assumption 

that E must be a constant with respect to a. Two commonly used model-fitting methods are Gorbachev 

equation 2.5 and the Coats-Redfern method equation 2.6. 

∫ 𝐞𝐱𝐩(−
𝑬

𝑹𝑻
)𝒅𝑻 =

𝑬𝑻𝟐

𝑹
(𝟏 −

𝟐𝑹𝑻

𝑬
)𝐞𝐱𝐩(−

𝑬

𝑹𝑻
)

𝑻

𝟎
     (2.5) 

∫ 𝒆𝒙𝒑(−
𝑬

𝑹𝑻
)𝒅𝑻 =

𝑬𝑻𝟐

𝑹
𝒆𝒙𝒑(−

𝑬

𝑹𝑻
)

𝟏+
𝟐𝑹𝑻

𝑬

=
𝑬𝑻𝟐

𝑬+𝟐𝑹𝑻
𝒆𝒙𝒑(−

𝑬

𝑹𝑻
)

𝑻

𝟎
    (2.6) 

 Taking it a step further and combining equation 2.4 and 2.5, this leads to equation 2.7: 

𝐥𝐧 [
𝒈(𝜶)

𝑻𝟐
] = 𝐥𝐧 [

𝑨𝑹

𝜷(𝑬+𝟐𝑹𝑻)
] −

𝑬

𝑹𝑻
       (2.7) 

 By applying a basic y=mx+c straight line equation, plotting ln[g(a)/T2] and 1/T will give a straight 

line from which E and A could be obtained from the slope and intersect. This analysis is known as the 

Gorbachev method [129]. Similarly, if equation 2.4 and 2.6 are combined and f(a)=(1-a)n while using a 

first order approximation of p(x), equation 2.8 is formed: 

∫
𝒅𝜶

(𝟏−𝜶)𝒏
=

𝑨𝑹𝑻𝟐

𝜷𝑬
(𝟏 −

𝟐𝑹𝑻

𝑬
)𝐞𝐱𝐩(−

𝑬

𝑹𝑻
)

𝜶

𝟎
      (2.8) 

  he loga  thm of both s des of e uat on  .8 leads to e uat on  .9,  f n ≠   

𝐥𝐧 [
𝟏−(𝟏−𝜶)𝟏−𝒏

𝑻𝟐(𝟏−𝒏)
] = 𝐥𝐧 [

𝑨𝑹

𝜷𝑬
(𝟏 −

𝟐𝑹𝑻

𝑬
)] −

𝑬

𝑹𝑻
     (2.9) 

 For n = 1, equation 2.10 is formed 

𝐥𝐧 [
−𝒍𝒏(𝟏−𝜶)

𝑻𝟐
] = 𝐥𝐧 [

𝑨𝑹

𝜷𝑬
(𝟏 −

𝟐𝑹𝑻

𝑬
)] −

𝑬

𝑹𝑻
      (2.10) 
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 Both equation 2.9 and 2.10 represent the Coats-Redfern methods, by plotting ln[(1-(1-a)1-n)/(T2(1-

n))] w th  espect to  /  when n≠  o  plott ng ln[(-ln(1-a))/T2] with respect to 1/T when n=1, both with will 

give a straight line and can be used to determine the activation energy from the slope. This analysis is 

known as the Coats-Redfern method [130].  

2.7.2 Model free kinetics 
 This method consists of three categories: differential isoconversional, integral isoconversional, 

and modulated thermogravimetry methods[131]. This approach assumes that the activation energy 

changes as the reaction progresses, and that the activation energy at any conversion is independent of 

temperature. Multiple experimental tests have to be performed to obtain the activation energy, the 

procedure for extracting activation energy does not require any assumption about the reaction model.  

2.7.2.1 Differential isoconversional methods 

 A traditional differential isoconversional method is the Friedman method, which is derived by 

taking logarithms on both sides of the general kinetic equation[132]. By taking the logarithm of both sides 

of equation 2.3, this leads to the formation of equation 2.11. 

𝐥𝐧 (𝜷𝒊
𝒅𝜶

𝒅𝒕
) = −

𝑬

𝑹𝑻𝒊
+ 𝒍𝒏𝑨 + 𝒍𝒏𝒇(𝜶)     (2.11) 

 Where index i is used to indicate the different temperature programs and Ti is the temperature at 

which the given degree of conversion occurs. The value of the activation energy is obtained by plotting 

ln[βi(da/dt)] against 1/RTi, but the Friedman method and other isoconversional methods are sensitive to 

experimental noise, which can result in large deviations in the activation energy which can limit their ability 

in assessing solid state reactions[133].  

2.7.2.2 Regular integral methods 

 Regular integral methods begin from the general kinetic equation 2.4, one of the most commonly 

used methods is the Ozawa-Flynn-Wall method [134] and employs the Doyle approximation of p(x) to yield 

equation 2.12 [135], 

𝒍𝒏𝜷𝒊= − 𝟏.𝟎𝟓𝟐
𝑬

𝑹𝑻
+ 𝒍𝒏

𝑨𝑬

𝑹𝒈(𝜶)
− 𝟓. 𝟑𝟑𝟏     (2.12) 

 The slope of the linear plot of lnβi vs 1/RT can be used to determine the activation energy. This 

method does involve errors which involves the assumption that the activation energy must remain 

constant with respect to a, and the induced error from the Doyle approximation [136]. Another well-

known method is the Vyazovkin method which also begins with the integral form of the general kinetic 

equation 2.4 [137], which leads to equation 2.13, 

∫
𝒅𝜶

𝒇(𝜶)
=

𝑨𝜶

𝜷𝒊
∫ 𝐞𝐱𝐩 (−

𝑬𝜶

𝑹𝑻𝒊
)𝒅𝒕 =

𝑨𝜶

𝜷𝒊
𝑨𝜶𝑱[𝑬𝜶, 𝑻𝒊]

𝑻𝜶
𝟎

𝜶

𝟎
    (2.13) 
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 After numerically cancelling Aa the value of the activation energy can be determined by 

minimising the following function in equation 2.14, 

∑ ∑
𝑰[𝑬𝜶,𝑻𝜶,𝒊]𝜷𝒋

𝑰[𝑬𝜶,𝑻𝜶,𝒋]𝜷𝒊

𝒏
𝒋≠𝒊

𝒏
𝒊−𝟏 = 𝒎𝒊𝒏       (2.14) 

 This method is an exact non-linear equation used to increase the accuracy of evaluating the 

activation energy by the isoconversional method. By substituting the experimental values of T and β into 

equation 2.14 and varying Ea to reach the minimum value of this function, the activation energy can be 

determined at any conversion. This is repeated for each value of a to find the dependence of the 

activation energy on the extent of conversion[138]. Another isoconversional method known as the Li-Tang 

method is also used[139], by looking at the general kinetic equation and transforming it into equation 

2.15, 

∫ 𝐥𝐧(
𝒅𝜶

𝒅𝒕
)𝒅𝜶 = ∫ (𝒍𝒏𝜷

𝒅𝜶

𝒅𝒕

𝜶

𝟎

𝜶

𝟎
)𝒅𝜶 = −∫

𝑬

𝑻𝑹
𝒅𝜶 = −

𝑬

𝑹
∫

𝒅𝜶

𝑻
+ 𝑮(𝜶)

𝜶

𝟎

𝜶

𝟎
  (2.15) 

 By applying the isoconversional principle G(a) would be a constant and plotting the integral of 

ln(da/dt)da against the integral of (1/T)da would determine the values of the activation energy from 

the slope of the linear plot. Similar to the Friedman method, the Li-Tang method removes systematic errors 

associated by approximating the exponential integrals. Unlike the Friedman method, this method is less 

effected by noise during the experimental analysis[140].  

2.7.2.3 Advanced integral methods 

 For regular integral methods it is assumed that the activation energy much be constant, this is 

problematic for multiple stage/complex reactions. In order to mitigate this issue, advanced integral 

methods were developed from a modified version of the general kinetic integral shown in equation 2.16, 

𝒈(𝜶 − ∆𝜶,𝜶) = ∫
𝟏

𝒇(𝜶)
𝒅𝜶 =

𝑨

𝜷
∫ 𝐞𝐱𝐩(−

𝑬

𝑹𝑻
)𝒅𝑻

𝑻𝜶
𝑻𝜶−∆𝜶

𝜶

𝜶−∆𝜶
   (2.16) 

 where Δa is a small reaction segment and it is reasonable to consider the activation energy to be 

constant in this region. The advanced Vyazovkin method assumes the activation energy to be constant for 

a small segment and integrates over small time segments[137]. This gives rise to equation 2.17, 

∫
𝒅𝜶

𝒇(𝜶)
= 𝑨𝜶 ∫ 𝐞𝐱𝐩 (

−𝑬𝜶

𝑹𝑻𝒊(𝒕)
)𝒅𝒕 = 𝑨𝜶𝑱[𝑬𝜶, 𝑻𝟏(𝒕𝜶)]

𝒕𝜶
𝒕𝜶−∆𝜶

𝜶

𝜶−∆𝜶
   (2.17) 

 Similar to the regular Vyazovkin method, the activation energy can be determined by minimising 

equation 2.18, 

∑ ∑
𝑱[𝑬𝜶,𝑻𝒊(𝒕𝜶)]

𝑱[𝑬𝜶,𝑻𝒋(𝒕𝜶)]

𝒏
𝒋≠𝒊

𝒏
𝒊−𝟏 = 𝒎𝒊𝒏        (2.18) 
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 By using the standard Li-Tang method in order to reduce systematic errors, the activation energy 

and the pre-exponential should be independent of conversion[141]. These systematic errors can be 

minimised if the equation is integrated over small degrees of conversion, and the activation energy can be 

regarded as constant during the small interval. This transforms equation 2.15 into equation 2.19, 

∫ (𝒍𝒏
𝒅𝜶

𝒅𝒕
)𝒅𝜶 = −

𝑬

𝑹
∫

𝒅𝜶

𝑻
+ 𝑮(𝜶)

𝜶

𝜶−∆𝜶

𝜶

𝜶−∆𝜶
    (2.19) 

 Where: 

𝑮(𝜶) = ∆𝜶𝒍𝒏𝑨 + ∫ [𝒍𝒏𝒇(𝜶)]𝒅𝜶
𝜶

𝜶−∆𝜶
     (2.20) 

 a varies from 3Δa/2 to 1-(Δa/ ) w th a step Δa=1/(m+1), where m is the number of equidistant 

values of a. By plotting the left side of equation 2.20 against the integration of the reciprocal of the 

temperature gives a linear plot. The activation energy can be obtained from the slope of the regression 

line 

2.7.2.4 Modulated thermogravimetry methods 

 Modulated methods are rarely used as they use non-linear heating rates during thermal 

analyses[142]. One example is the temperature jump method which modulates the temperature, by 

increasing it from one value to another in a certain time period. During this period the extent of conversion 

is considered to be unchanged, and the value of the activation energy at a given conversion is obtained 

from a single heating program. Other modulated programs employ alternative modulations forms as 

shown in equation 2.21, 

𝑻 = 𝑻𝟎 + 𝜷𝒕 + 𝑳𝒔𝒊𝒏(𝟐𝝅𝝎𝒕)      (2.21) 

 Where w and L are the frequency and amplitude of the modulation.  

2.7.3 Summary 
For this study the Friedman and Generalised Kissinger methods were adopted for the kinetics 

analysis. This was to compare two different approaches to the kinetics analysis, where Friedman calculates 

the activation energy based on the conversion and the generalised Kissinger calculates the activation 

energy based on the heating rate used. 

2.8 Molecular simulations  
 The properties of polymers depend on their chemical constituents, and how those constituents 

interact with each other during the reaction process. Experimental methods give us an insight into the 

mechanism of the reaction, but some techniques and materials are costly and time consuming. Molecular 

simulations are constantly being improved and developed, to be able to model and simulate material 

properties effectively and to a higher degree. These simulations are used to design and optimise new 
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materials and are combined with continuum models and experiments, hereby reducing the cost, time and 

design requirements[143].  

2.8.1 Atomistic simulations of molecular materials 
 Atomistic simulations enable the prediction of thermomechanical properties of molecular systems 

and are key to understanding macroscopic behaviour, through molecular interactions and provide 

quantitative predictions for material design. These can be divided into two categories: Molecular dynamic 

simulations which are based on deterministic classical equations of motion, and Monte Carlo simulations 

which are based on stochastic sampling of configuration space[143].  

 Molecular dynamics simulations involve solving the classical equations of motion, as shown in 

equation 3.1, 

�̇�𝒊 = 𝒗𝒊,�̇�𝒊 =
𝑭𝒊

𝒎𝒊
.       (3.1) 

 Where ri, vi and Fi are the position, velocity, and force vectors of particle i, and the force is obtained 

from the gradient of an interatomic potential as shown in equation 3.2, 

𝑭𝒊 = −𝛁𝒓𝒊𝑽({𝒓𝒋})      (3.2) 

 Where the interatomic potential is known as the force field, which is an expression for the total 

potential energy of the system as a function of atomic positions. Molecular dynamic simulations for 

thermosetting polymers are conducted in three main stages: (i) building a molecular model, (ii) integrate 

equations of motion, and (iii) extracting desired properties using statistical mechanics[143]. Stage (ii) is the 

most important during MD simulations, where trajectories are calculated by numerical integration of 

Newton’s e uat ons of mot on.  h s  s done w th ve y small t me  nte vals us ng Ve let’s algo  thm[144] or 

Gears predictor-corrector algorithm. Interactions between atoms can be defined by first principles in 

quantum mechanics, which are computationally intensive and remain restricted to relatively small systems 

and short times[143]. Therefore, large scale simulations are performed using molecular force fields which 

describe the interactions between atoms. Force fields can be divided into non-reactive, where covalent 

bonds cannot be broken or formed, and reactive, which enable chemical reactions during the simulation. 

Multiple generic molecular force fields have been applied to polymer simulations such as; consistent 

valence force field (CVFF)[145], Chemistry at HARvard macromolecular mechanics (CHARMM)[146], 

DREIDING[147], polymer consistent force field (PCFF)[148], and condensed phase optimised molecular 

potentials for atomistic simulation studies (COMPASS)[149]. These force fields describe the total potential 

energy of a molecular system into covalent interactions, which describe the effects of chemical bonds, van 

der waals interactions, London dispersion forces, long range electrostatic interactions which originate 

from partial atomic charges[143]. The covalent interactions in these valence-based force fields are used to 
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describe the directionality in bonding, by describing bond stretch, angle bending, torsional potentials, and 

out of plane deformations. Harmonic terms are used for bond stretch and angle bending, and sinusoidal 

terms are used for torsional angles.  

 Most applications do not need full atomistic details, in these cases Coarse-Grained models are 

used. CG models function by representing groups of atoms as beads or mesoparticles, and are used as an 

alternative to MD simulations[150]. There are two factors which make coarse grain models 

computationally more efficient than MD models. The first being the number of particles are reduced in 

the simulation, secondly, high frequency degrees of freedom are not explicitly described and allows for 

larger time steps to be used[150]. The lowest level of coarsening, united atom models are used which 

group non-polar carbons with their bonded hydrogens into single particles. Some examples of force fields 

were developed for united atom models include; AMBER united force field[151] and GROMACS[152]. Mid-

level CG models function by replacing large groups of atoms by a single particle or CG bead, some examples 

of these are residue-based CG models[153], shape-based CG models[154], the latter of which employs the 

use of the MARTINI force field[155]. High level coarsening methods, involve simulating an entire chain or 

part of a polymer as a single CG bead[156]. For thermosetting polymers low or mid-level coarse graining 

are usually employed, the basic steps for CG simulations involve; (i) selecting a coarse-graining level, (ii) 

mapping atomistic details into CG particles, (iii) parametrising bonded and nonbonded interaction 

between CG particles, (iv) constructing crosslinking networks, and (v) evaluating material properties for 

the crosslinked thermoset[143]. 

 The alternative to MD simulations are Monte-Carlo simulations (MC), where they generate an 

ensemble of configurations of a mode polymer that satisfy a desired statistical distribution function using 

stochastic methods[143]. MC simulations are applied to study systems in equilibrium, and also have the 

capability to analyse non-equilibrium thermodynamics with certain assumptions. Some methods used with 

MC are; on-lattice or off-lattice coarse grain polymer models[157], but fully atomistic descriptions are also 

used. The main advantage of MC simulations over MD simulations is the speed of the analysis by many 

orders of magnitude in achieving equilibrium.  

2.8.2 Formation of polymer networks 
 The formation of polymer networks for thermosetting polymers is a challenging process, which is 

computationally and time intensive. As mentioned in the previous section the two main simulation 

approaches are MD and MC, these can be applied to the network formation as well. Some methods for 

both applications are discussed below. 

2.8.2.1 Molecular dynamics  

 The first fully atomistic MD simulation was conducted by Hamerton et al., where a three-

dimensional polymer network with less than 200 atoms was generated for trifunctional polycyanurate. 
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The simulated data was in reasonable agreement with the experimental data, considering the small size 

of the simulated system[158]. Another study conducted by Doherty et al. allowed for progressive 

polymerisation reactions during the simulation, where the monomers were allowed to react with each 

other. The formation of the chemical bonds was based on the distance between pre-defined reactive sites 

on the monomers or the polymer chains[159]. A computational procedure was developed by Yarovsky and 

Evans where crosslinked polymer molecular models were constructed and applied to low molecular 

weight, water soluble epoxy resins. Where PCFF was used to predict the volume shrinkage of the cured 

polymer network[160]. The structure and elastic moduli of end-crosslinked polydimethylsiloxane networks 

was simulated using a united atom force field by Heine et al. Where, the cut-off distance of 0.65nm was 

used in order for a reaction to initiate between two atoms, followed by the use of a modified potential to 

relax the resulting topology to avoid large forces and instabilities in the network[161]. Another study 

conducted by Wu and Xu utilised the DREIDING force field with charge equilibrium to build the network 

structure, but used COMPASS for property predictions for a diglycidyl ether bisphenol A (DGEBA) epoxy 

and an Isophorone diamine (IPD)[162]. The crosslinking procedure for highly crosslinked polymer networks 

was studied by Varshney et al., where a multistep relaxation process was used during the crosslinking 

procedure. Using CVFF the density, glass transition temperature,  and thermal expansion was predicted 

for an thermosetting epoxy[163]. A study conducted by Lin and Khare used an AMBER force field in a 

single-step polymerisation method for creating atomistic structures of crosslinked polymers. Where a 

simulated annealing algorithm was used to create all crosslinking bonds in a single step, by identifying pairs 

of reacting atoms which minimise the sum of the distances of the proposed bonds[164]. Bermejo and 

Ugarte conducted a simulation on chemically crosslinked polyvinyl alcohol, where the crosslinking 

procedure combined periodic crosslinking based on distance criteria followed by structural 

relaxation[165].  

 It is important to consider the evolution of partial atomic charges during polymerisation, 

electrostatic interactions are crucial in the overall binding and accurate calculation of charge distribution 

of the system. Charge equilibrium (QEq) or electronegativity equalisation method (EEM) can be used to 

obtain geometry dependent and self-consistent charges[166][167]. One study conducted by Varshney et 

al. used  a charge update scheme on partial charges obtained from ab initio calculations, on small model 

molecule topology which was similar to the newly formed crosslink of EPON862/DETDA[163]. Another 

study conducted by Bandyopadhyay et al. assigned negative and positive charges to specific atoms during 

bond breaking and formation, to maintain the neutrality of the EPON862/DETDA system[168]. A detailed 

study conducted by Li and Strachan used EEM to predict the evolution of partial atomic charges during the 

reaction mechanism, the atomic charges were found to evolve significantly only during chemical reactions 

and this can be predicted from the chemistry of the reaction and is independent of  the atomic 

configuration[169].  
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2.8.2.2 Monte-Carlo simulations 

 MC analysis on network formation can be divided into two methods, the fist being the network 

formation being based on statistical/percolation theory or kinetic theory[170]. The second is related to 

with direct MC simulations of structure growth in configuration spaces[171]. A study conducted by 

Somvarsky and Dusek developed a MC simulation for kinetically controlled polymer structure growth, and 

included network formation determined by Smoluchowski-type differential equations[172]. MC 

simulations are more versatile and can be applied to polymer network formation, the work of Leung and 

Eichinger has been used for conduction crosslinking reactions between linear and branched polymers, and 

crosslinking agents including end linking polymers and random-crosslinking polymers[173]. In MC 

simulations crosslinking molecules are considered as rigid structures, but polymer molecules are assumed 

to be flexible. Where the coordinates of the reactive sites are chosen stochastically from a pre-determined 

probability density function. The crosslinking reactions are considered to proceed based on the capture 

sphere, the consideration being that around each reactive site there exists a capture sphere volume in 

which the reactive site can diffuse through. If another reactive site exists in the same sphere and is allowed 

to react with the site, then a reaction between the two sites is enforced in the simulation. Once the 

reaction has been completed, the reactive site components move towards each other on the line joining 

the reacting sites. The capture radius is increased in a stepwise manner during crosslinking, to ensure a 

higher extent of reaction can be achieved in the following stage of conversion. Where, the crosslinking 

process terminates when the capture radius is roughly half the simulation cell[143]. 

2.8.3 Prediction of material properties  
 After the formation of the polymer network, the prediction of material properties is a crucial step 

in molecular simulations. These can be directly related to and validated through experimental data, for 

thermosetting polymers the glass transition temperature, elastic constants, and the mechanical properties 

are the most important. The accuracy of these simulations depends on the interatomic potentials, the time 

and length scales are orders of magnitude smaller than in most experiments[174]. Molecular simulations 

are crucial in determining physical and mechanical properties, as they can capture non-trivial trends such 

as dependence of yield and post yield on temperature, thermal history, deformation rate and loading 

path[175]. Physics based constitutive models can be used to map MD results, where the results are usually 

extrapolated to the time and spatial scales.  

2.8.3.1 Thermal properties 

 The glass transition is one of the most important thermal properties for thermosetting polymers, 

which is governed by local chain dynamics and represents the molecular structure. Given its importance 

MD and MC simulations have been used to quantitatively determine the glass transition for polymers. The 

Tg can be determined by using the density, internal energy, and specific entropy, a sharp change in the 

temperature dependence of these properties indicates the polymer cannot maintain its equilibrium 
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state[165]. The usual approach to determine Tg through MD simulations is to heat and cool the model 

system at a constant rate under isobaric conditions. Multiple studies have been conducted on predicting 

the Tg and comparing it to experimental data shown in Table XX, most of the simulations were conducted 

by all-atom MD but some were done using CG simulations.  

Table 2-6 - comparison between simulation & experimental data 

Model System Simulation Data Experimental Data 

Resin Crosslinker Tg (K) Conversion Method Tg (K) 

DEGBA TMAB 480 100% MD 453 

DGEBA POP 377-393 - MD 353-365 

DGEBA 3,3 DDS 515 85% MD 450 

DGEBA DETDA 450-460 90-100% CG/MD 441-476 

EPON862 DETDA 382 100% MD 412 

EPON862 DETDA 378 95% MD - 

EPON862 DETDA 416-430 76% UA/MD 423 

EPON862 DETDA 445 86% MD 417-432 

 

 In standard pressure-volume-temperature experiments are of the order 10kmin-1, but in MD 

simulations the order is roughly 10 times faster 10Knano-1. The increased magnitude tends to shift the Tg 

by about 3K per decade according to the Williams-Landel-Ferry equation, where the relation between the 

relaxation time and temperature[176]. Soldera and Metatla confirmed the validation of the WLF equation 

to the atomistic simulations of polymers, a good estimation of Tg from molecular simulations should take 

into account the adjustment from different cooling rates[177]. Atomistic simulations have shown that the 

Tg decreases with increasing chain length of the crosslinkers, and this is supported by experimental 

data[178]. The degree of conversion also increases the Tg during MD simulations, which is consistent with 

experimental data due to the dependency of the Tg on network formation[179]. Conversions above 90% 

are difficult to achieve with molecular simulations, but fully cured Tg can be estimated by extrapolating the 

Tg predictions of simulations at lower degrees. Two main equations are used to describe the relationship 

between Tg and conversion. The first being the DiBenedetto equation shown below, 

𝑻𝒈−𝑻𝒈
𝟎

𝑻𝒈
∞−𝑻𝒈

𝟎 =
𝝀𝝃

𝟏−(𝟏−𝝀)𝝃
        (3.3) 

 The second being the Venditti-Gillham equation shown below, 

𝐥𝐧(𝑻𝒈)−𝐥𝐧(𝑻𝒈
𝟎)

𝐥𝐧(𝑻𝒈
∞)−𝐥𝐧(𝑻𝒈

𝟎)
=

𝝀𝝃

𝟏−(𝟏−𝝀)𝝃
       (3.4) 
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 A study conducted by Li and Strachan utilised the least squares method to calculate l and the Tg 

for EPON862/DETDA from MD predictions for conversions of 86%[179]. The predicted result showed good 

agreement between the MD predictions and literature. Another study carried out by Li et al. analysed a 

DEGBA/33DDSS system using MD simulations, compared to the experimental Tg  the simulated value was 

only 7.4% higher. 

2.8.4 Summary  
For this study an MD simulation was utilised to conduct molecular dynamics analysis on the selected 

formulations.  These simulations were conducted at the University of Queensland in Australia. 

2.9 Deconvolution analysis 
It is well known that, for any real spectral instrument, the main factor defining the differences 

between the measured and the true spectrum is the non-zero width of monochromatic radiation [180]. 

Therefore, the measured spectrum can be represented as a conv It is well known that, for any real SI, the 

main factor defining the differences between the measured and the true spectrum is the non-zero width 

of monochromatic radiation. Therefore, the measured spectrum can be represented as a convolution of 

the true spectrum with the instrumental function of the SI (or impulse response function in DSP), 𝐾(𝑥− 𝑥′):  

 
2.9.1 

where 𝑥 is the abscissa of the spectrum (the spatial domain). This equation is referred to in 

mathematics, as the Fredholm first-kind integral equation, where 𝐾 is the kernel[181]. It was shown that 

the smoothing properties of the kernel causes information loss in the convolution process[182]. This loss 

can be only partly compensated in the deconvolution process by using a priory information on 𝐹tr. The 

common assumption of 𝐾 being independent on 𝑥′ (the case of stationary convolution) is valid only for 

relatively narrow intervals. For example, this assumption is violated by changing the slit width in different 

spectral ranges. Therefore, a simple generalization of Eq.1 is non-stationary convolution[183]:  

 
2.9.2 

Another form of equation 2.9.1,  

 
2.9.3 

The second variable in the kernel differs in equations 2.9.2 and 2.9.3. In contrast to equations 

2.9.1, 2.9.2 and 2.9.3 cannot be considered as superpositions of impulse responses[183]. Precise 

expression for instrumental function can be experimentally obtained only for stationary deconvolution in 

some rare cases. Generally speaking, deconvolution is the solution of an inverse ill-posed problem 

(equations 2.9.1 and 2.9.2), where minor disturbances of the instrumental function and of the measured 

spectrum (e.g., noise) may cause uncontrolled computational errors of 𝐹tr(𝑥). Common mathematical 
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methods, which allow obtaining a stable solution, are usually based on priory assumptions concerning the 

mathematical representation of the instrumental function and/or its properties. To avoid uncertainties in 

instrumental function modelling, various robust algorithms of solving equations 2.9.1 and 2.9.2 either by 

forward or by inverse modelling have been developed[184]. 

2.9.1 Tikhonov-regularised deconvolution in the spatial domain for known Kernel 
Using numerical integration regularized by Tikhonov method [185], equation 2.9.1 can be 

approximated by the following matrix equation [186]:  

 
2.9.4 

where K is the kernel matrix, T is the transpose symbol, 𝛼 is the regularization parameter, and I is 

the identity matrix. Each row of matrix K includes the discretized kernel function, which is successively 

shifted from the low to the high integration limit in equation 2.9.1. The need for regularization arises from 

the fact that matrix KTK is ill-conditioned (condition number is too large), which results in great sensitivity 

of the solution of equation 2.9.4 to small perturbations of F𝑚𝑠. The true spectrum is estimated by  

 
2.9.5 

Some well-known algorithms of finding the solution of equation 2.9.4, based on non-negative 

constrain (Ftr≥0), a e shown in [187]. The drawback of approximation is evaluating of the integral with 

infinite limits using a finite number of linear equations. 

2.9.2 Deconvolution in the frequency domain for known Kernel 
Stationary convolution from the spatial (𝑥) to the frequency (𝜔) domain is commonly implemented 

using integral Fourier transform [188]:  

 
2.9.6 

where tilde is the FT symbol. In the theory of signal processing, �̃�(𝜔) is referred to as the transfer 

function of SI. Since �̃�𝜔→∞− (𝜔)→0, the p ec se t ue (deconvoluted) spect um cannot be evaluated on 

the basis of equation 2.9.6. The only possibility is solving equation 2.9.7, which contains regularization 

window (filter) (𝑊𝛼):   

 
2.9.7 

where 𝑗=√− .  he mathemat cal  e u  ements that 𝑊𝛼 should meet are described in. In particular, 

at infinity, 𝑊𝛼 must decay more rapidly than the kernel. In the simplest case of truncated inverse FT[189]  

 

2.9.8 

Since the inverse FT of Eq. 8 is the 𝑠𝑖𝑛𝑐-function, the corresponding regularization algorithm 

produces a wrong structure, i.e., side lobes. Therefore, other windows, such as Gaussian and exponential, 
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were proposed[189], which are more useful for regularization because their FTs do not exhibit side lobes. 

The deconvoluted spectrum may also be approximated using the following form of the inverse FT of 

equation 2.9.6 [180],  

 
2.9.9 

The unit subtracted in the integrand improves the deconvolution stability. Substituting functional 

decomposition  

 
2.9.10 

into equation 2.9.9 gives the following approximation of the true spectrum, 

 
2.9.11 

If �̃�𝑛(𝜔)=(𝑗𝜔)𝑛 and �̃�(𝜔) is an even function, then  

 
2.9.12 

2.9.3 Inverse filtering in the spatial domain 
The term of inverse filtering for the iterative deconvolution algorithm was coined [180], where 

estimating the true spectrum was considered as an iterative process:  

 
2.9.13 

where 𝑡=1, 2, 𝑎t(𝑦) is a weighting coefficient, 𝑦 is the amplitude of (Ftr)𝑡−1,and ⊕ is the convolution 

symbol. Non-stationary inverse filtering is also referred to as the SI inverse model [184]. According to this 

model, the true spectrum is estimated as 

 
2.9.14 

where 𝑅 is a nonlinear operator, which can be approximated by a variety of digital filters , e.g., by 

a Cauchy filter[190]:  

 

2.9.15 

where 𝑎𝑘 is the 𝑘th filter coefficient. For a given SI, the coefficients of the chosen filter were 

estimated by minimizing the rigorous mathematical criteria at the calibration stage. Calibration was 

performed using a stable etalon spectrum disturbed only by the instrumental function [184]. At the 

validation stage, a quasi-optimal filter (a reconstruction algorithm) was chosen using the maximum 

accuracy criterion of the spectrum reconstruction. In our opinion, this method is the best for correcting 

instrumental disturbances. Rigorous mathematical theory of inverse (or numerical, as it is referred to in 

filtering is based on the eigenfunction analysis of integral operator 𝐾 ((𝐾𝐹𝑚𝑠)(𝑥)) [182]:  
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2.9.16 

Where (𝐹𝑚𝑠)𝑘=∫𝐹𝑚𝑠(𝑝)𝛹k∗(𝑝)𝑑𝑝, 𝛹k, and 𝜆k being 𝑘th eigenfunction and eigenvalue, 

respectively; the star denotes complex conjugation. In contrast to decomposition of 𝐹𝑚𝑠 in a series of 

derivatives equation 2.9.12, inverse filtering allows optimal choosing the cut-off limit (𝑀) in equation 

2.9.16  according to the appropriate small eigenvalue 𝜆𝑀. In this way, the deconvolution stability can be 

significantly improved. In some cases, when 𝐾 is known a priory, eigenfunctions can be evaluated 

theoretically[181]. Deconvolution stability can also be improved using the principal component analysis 

(based on the same conceptions as the eigenfunction analysis) of kernel matrix K [191]. The reconstructed 

matrix  

 2.9.17 

where 𝑻=𝑲𝑽𝑟𝑒𝑑 is the scores matrix, Matrix 𝑽𝑟𝑒𝑑 is obtained by means of singular-value 

decomposition of matrix 𝑲=𝑼𝑺𝑽𝑇 by choosing only the first 𝑀 rows of matrix 𝑽. The cut-off limit (𝑀) is 

calculated using the percentages of the total variance explained by each principal component of 

covariance matrix 𝑲𝑇𝑲 (e.g., by the MATLAB pcacov function). 

2.9.4 Pseudo deconvolution 
In many practical cases the dominant line broadening is accounted for by intra- and/or 

intermolecular interactions in the samples under study. From the formal point of view, these interactions 

cause convolution of the true-line profile with a non-stationary kernel. The kernel of stationary line 

convolution may be described by a Gaussian function (e. g., for vibrational spectra of liquids [192] or 

atomic plasma spectra[193]). However, the function width is an unknown parameter. Moreover, 

deconvolution with this kernel may disturb a measured spectrum. Therefore, the PS technique is not 

applicable if the correlation between the line form parameters and the physicochemical properties of the 

sample under study is to be established. In this case, decomposition of a complex spectral profile into 

elementary components is preferable to the deconvolution method. Instrumental calibration and 

deconvolution considered above are not applicable in the case of PS since instrumental line distortions are 

not essential. However, the reconstruction algorithms developed in [184] may be successfully used here. 

If the sample parameters remain constant in the course of measurement, the measured and the true 

sample spectrum are similar. In this case, the aim of pseudo deconvolution is improving the resolution of 

the measured spectrum (making, in this way, the measured spectrum quasi-ideal). If a spectrum is 

superposition of approximately equal-width lines, then the "average" line FT may be used as the kernel in 

Eq. 6, the method being referred to as Fourier self-deconvolution (FSD) [188]. A similar approach to the 

deconvolution problem was based on the concept of enhancement operator [180]. The ideal enhancement 

operator for spectral line 𝑓(𝑥) defined as  
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2.9.18 

 

where 0<𝛽≤ .  t was found that 𝐸𝛽~𝐾−𝑇𝑑 for a Gaussian line, where 𝑇𝑑= −𝛽2 is the 

deconvolution coefficient. As a typical example of FSD, consider a Gaussian line of unit width deconvoluted 

with a Gaussian kernel:  

 
2.9.19 

where �̃�− (𝜔)=𝑒𝑇𝑑𝜔2/(16𝑙𝑛2)𝑎𝑛𝑑 �̃�𝑚𝑠(𝜔)=𝑒−𝜔2/(16𝑙𝑛2). The resolution enhancement  

 
2.9.20 

where 𝑤𝑑 is the width of deconvoluted line. In the limiting case of the Gaussian kernel width being 

very close to the width of the measured Gaussian line, 𝑇𝑑→ , and 𝑅𝑒𝑛→∞. He e a well-known 

mathematical phenomenon described in [194] is demonstrated, namely, the appearance of an oscillating 

spectrum structure (side lobes) in the case of finite integration limits due to multiplying the integrand by 

rectangle window 𝑊𝛼(𝑟𝑒𝑐𝑡)(𝜔) equation 2.9.8 [194]. In other words, regularization (α>0) suppresses the 

high Fourier frequencies and thus reduces the noise impact on deconvolution, but, on the other hand, it 

distorts the line structure by the appearance of side lobes which are negligible only if Lim>200. For lower 

Lim values, the drawback of side lobes can be eliminated by applying apodization. According to [189], an 

additional exponential  

 
2.9.21 

 Or Gaussian window in the integrand [189], 

 
2.9.22 

These windows do not produce side lobes artifacts. Equation 2.9.21 and 2.9.22 decrease the width 

of the Gaussian deconvolution kernel, e.g., in the latter case,  

 2.9.23 

Therefore, 𝑇𝑑 also decreases and so may the integration limits. On the other hand, the resolution 

enhancement becomes worse. A real-life measured spectrum equation 2.9.19 includes random noise 𝜂:  

 
2.9.24 

Further we suppose that the noise has zero mean value and the standard deviation 𝜉𝜂. 

Deconvolution of random noise with zero mean value produces a wide periodical structure with negative 

values [189]. 

 
2.9.25 
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The frequency and the intensity of 𝐹𝑛𝑜𝑖𝑠𝑒(𝑥) increases with the increase of the integration limits. 

Moreover, for large resolution enhancement, the deconvolution process becomes unstable due to the 

impact of variable side lobes. In other words, spectral lines and their positions may differ significantly in 

each new scanning. This problem can be partly solved by noise filtering, which, on the other hand, 

decreases spectral resolution. The side lobes can be effectively suppressed by the smoothing the spectrum 

before deconvolution or by filtering in the FSD-kernel. For example, consider the modified inverse 

Gaussian kernel:  

 2.9.26 

where 𝑘 is the smoothing parameter. The coefficients 𝐶2 and 𝐶4 define the weights of the second- 

and forth-order derivatives in deconvoluted line. 

2.9.5 Summary 
For this study a Gaussian deconvolution method was adopted, as it was most commonly used in 

literature. A FFT filter was also applied in order to improve the numerical accuracy and speed up the 

analysis. 

 

 

 

 

 

 

 

 

 

 



Chapter 2 – Literature review  Jibran Sajjad Yousafzai 

65 
 

 

 

 

 

 

 

Figure 2-22 - research map adopted from literature review 
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3.1 Selected materials 
 Several matrix systems were considered for this project, but only several were suitable for further 

research. The main matrix system used was a Bisphenol F based epoxy resin from Huntsman (PY306), this 

will be used throughout the study with varying diamine hardeners. PY306 exhibits good mechanical 

properties, resistance to degradation and good adhesive properties. The diamines used had varying levels 

of aromaticity and structural bridging groups. 

 
 

Diaminodiphenylsulfone Methylenebis(2,6-dimethylaniline) 

 
 

 , ’-Bis(3-aminophenoxy)diphenylsulfone  , ’( -aminophenoxy)biphenyl 

  

(2,2-Bis[4-(4-aminophenoxy)phenyl]propane Bisaniline P 

 

 

Bis[4-(4-aminophenoxy)phenyl]sulfone PY306 

Figure 3-1 - selected monomers and epoxy 
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3.2 Sample preparation, curing & formation 

 The stoichiometric ratio determines the optimum ratio for the reaction to take place, 

chemical reactions consist of elementary reactions where one molecule reacts with another, the 

reaction molecules consist of atoms in an integer ratio. The reaction may consume more than one 

molecule, and the stoichiometric number counts this number and is defined as positive for 

products added and negative for reactants removed. Different elements have different atomic 

masses and varying molar masses, it is related to Carbon-12 which has a molar mass of 12 g/mol. 

The number of molecules required for each reactant is expressed in moles, it is then multiplied 

by the molar mass of each to give the mass of each reactant per mole of reaction. For this study, 

a ratio of 2:1 (Epoxy:Amine) was selected, to ensure that the epoxide had fully reacted with the 

amine within the system. 

Table 3-1 - selected monomers and epoxy 

CAS Monomers Empirical Formula Molar Mass g/mol 

9003-36-5 PY306 C10H13ClO3 216.7 

80-08-0 Amine 1 C12H12N2O2S 248.3 

4073-98-7 Amine 2 CH2[C6H2(CH3)2NH2]2 254.4 

30203-11-3 Amine 3 C24H20N2O4S 432.5 

13080-85-8 Amine 4 C24H20N2O2 368.4 

13080-86-9 Amine 5 C27H26N2O2 368.4 

2716-10-1 Amine 6 C6H4[C(CH3)2C6H4NH2]2 344.5 

13080-89-2 Amine 7 C24H20N2O4S 432.5 

  

  The stochiometric epoxy and amine amounts for each formulation were placed in a 

beaker, which was then placed on a heating plate around 10-20°C below the onset of 

polymerisation temperature of each formulation. In order to ensure the bottom of the beaker did 

not get too hot, the beaker was removed every few seconds and then placed back on the heating 

plate. Furthermore, to ensure multi-directional heating the beaker was also placed in an oven 

which was pre-heated to a temperature similar to that of the heating plate. During this the 
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formulations were constantly being stirred to ensure a homogenous system was formed. This 

method was repeated for each formulation. The amounts used for each of the different 

characterisation techniques are shown in Table XX, 

Table 3-2 - weights of formulations used for each test 

Formulation (g) DSC (g) TGA (g) Rheology (g) FTIR (g) DMTA (g) 
Cone 

Calorimetry (g) 

B1 0.157 0.251 1.01 5.52 7.91 147 

B2 0.175 0.239 0.716 1.62 8.24 154 

B3 0.2 0.3 1.3 2.02 4.68 163 

B4 0.185 0.315 1.21 1.86 4.48 159 

B5 0.185 0.296 1.2 1.28 4.9 159 

B6 0.198 0.288 1.17 1.37 4.55 133 

B7 0.24 0.3 1.3 1.3 6.12 149 

 

  

Figure 3-2 - showing heating plate (left) and degassing oven (right) 

 The formulations were cured using various moulds, depending on their end use and 

characterisation technique being employed. To save material and prevent unnecessary wastage during 

testing, small moulds 10mm X 10mm X 2mm were 3D-printed. Then the moulds were then filled with 

silicon to get the final specimen mould as shown. These small moulds were used to prepare samples for 

DSC, TGA and FTIR analysis. As all these characterisation techniques require a small amount of material. 
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Figure 3-3 - 3D-printed mould (left) and silicone mould formed (right) 

 For DMTA testing a mould was 3D-printed according to DMTA standards, which was then filled 

with silicone to get the final specimen mould 40mm X 10mm X 2mm. For cone calorimetry the moulds 

were 3D-printed and filled with silicone to achieve the final specimen mould. The dimensions 

were according to ASTM standards at 100mm X 100mm X 4mm. 

  

  

Figure 3-4 - DMA mould (top left), DMA silicone mould (top right), Cone mould (bottom left) and 
Cone silicone mould (bottom right) 
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3.3 Characterisation techniques 
 This section will highlight the various characterisation techniques used in this study. The steps 

taken to setup and run each technique will be discussed, along with the regulations and standards used to 

ensure their optimum performance.  

3.3.1 Thermogravimetric analysis 
 Thermogravimetric analysis (TGA) was performed using a Netzsch STA 449 F3 Jupiter. Cured resin 

samples (5-10 mg) were placed in an alumina crucible and heated from 30°C to 800°C at 10°C/min under 

nitrogen and air. This was used to determine the char yield formation and the relative mass loss of the 

cured blends with respect to temperature. This test method is an empirical technique using 

thermogravimetry in which the mass of a substance, heated at a controlled rate in an appropriate 

environment, is recorded as a function of time or temperature. Mass loss over specific temperature ranges 

and in a specific atmosphere provide a compositional analysis of that substance. This method is intended 

for use as quality control, material screening, and related problem solving where a compositional analysis 

is desired, or a comparison can be made with a known material of the same type. The parameters 

described should be considered as guidelines. They may be altered to suit a particular analysis provided 

the changes are noted. 

  

Figure 3-5 - TGA apparatus (left) and TGA crucible (right) 

 The proportion of the determined components in each mixture or blend may indicate specific 

quality or end use performance characteristics. For example, Increasing soot (carbon) content of used 

diesel lubricating oils indicates decreasing effectiveness, specific carbon-to-polymer ratio ranges are 

required in some elastomeric and plastic parts to achieve desired mechanical strength and stability. Some 

filled elastomeric and plastic products require specific inert content to meet performance specifications, 

the volatile matter, fixed carbon, and ash content of coal is an important parameter. The ranking of coal 

increases with increasing carbon content and decreasing volatile and hydrocarbon content. 

• A thermobalance – composed of a furnace to provide uniform controlled heating 
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• A temperature sensor – to provide an indication of specimen/furnace temperature 

• An electrobalance – to continuously measure the specimen mass 

• A means of sustaining the specimen/furnace under atmosphere control with a purge flow 

• A temperature controller – capable of reaching specific temperatures 

• A data collection device to acquire, store and display measured data 

• Containers –crucibles which are inert and can withstand elevated temperatures  

• Gas flow control device which can switch between inert and reactive gases 

3.3.2 Differential scanning calorimetry 
 Differential scanning calorimetry (DSC) was performed on a Netzsch DSC 2014 F1 Phoenix, using 

Tzero hermetic sealed aluminium pans. Samples of the uncured blend (5-10 mg) were analysed in the DSC 

and then compared to the cured samples (5-10 mg) under flowing nitrogen (50cm3/min), to get the degree 

of conversion for each blend. Further analysis was done at various heating rates (5, 10, 20 ,30 °C/min) 

under flowing nitrogen (50cm3/min). This was to understand the chemical kinetics of the system and to 

determine the activation energy (Ea), by employing the first order Kissinger and Friedman methods. 

  

Figure 3-6 - DSC apparatus (left) and DSC pans (right) 

 This method consists of heating or cooling the material at a controlled rate under a specified purge 

gas and monitoring the difference in heat input between a reference material and a test material. A 

transition is marked by absorption or release of energy by the specimen resulting in a corresponding 

endothermic or exothermic peak or baseline shift in the displayed curves. Areas under the exotherm or 

endotherm of the test materials are then compared against well characterised standards. Thermal analysis 

provides a rapid method for measuring transitions due to morphological or chemical changes, in a polymer 

as it is heated/cooled through a specified temperature range. Changes in specific heat capacity, heat flow 

and temperature values are determined for these transitions. Differential scanning calorimetry is used to 

assist in identifying specific polymers, polymer alloys, and certain polymer additives, which exhibit thermal 
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transitions. Chemical reactions which cause or affect certain transitions have been measured with this 

technique, such as oxidation, curing of thermosets and thermal decomposition.  

• DSC test chamber 

• Furnace – to provide uniform controlled heating/cooling of a specimen and reference 

• Temperature sensor – to indicate specimen temperature 

• Differential sensor – to detect heat flow differences between the specimen and reference 

• Means of sustaining a test chamber environment of purge gas 

• Temperature controller – capable of executing  a specific temperature program 

• Recording device – capable of recording and displaying signals as a function of temperature 

• Software – for analysing areas under recorded signal curves 

• Containers – which are inert and can withstand elevated temperatures 

• Balance – capable of weighing to ±0.0001 grams for transition temperatures and ±0.00001 grams 

for determining enthalpies 

3.3.3 Fourier transform infrared spectroscopy 
 Fourier transform infrared spectroscopy (FTIR) spectra were obtained using a Perkin Elmer 

spectrum 100 FTIR spectrometer (10 scans were acquired at a resolution of 1cm-1). During the kinetics 

analysis, spectra of the blended samples were taken at 30-minute intervals during the distinct stages of 

the curing cycle over 270 mins. A basic principle component analysis (PCA) was performed on the different 

blends, this was to identify the contribution of individual components within the blend.  The degree of 

conversion was also obtained from FTIR and was compared to the degree of conversion from the DSC data. 

 

Figure 3-7 - FTIR apparatus 

 Infrared analysis is conducted by functional group identification or by the comparison of IR 

absorption spectra of unknown materials with reference materials. The spectra obtained are through 
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transmission, reflection, and other techniques such as photoacoustic spectroscopy. Spectra which are to 

be compared must be evaluated using the same technique and conditions. Transmission spectra are 

obtained by placing a thin uniform layer of material, perpendicular to the infrared radiation path making 

sure the sample thickness is adequate to cause a decrease in the radiant power between transmitter and 

receiver. This method can be used to analyse several types of materials in different states of matter such 

as liquids, solids, vapour-phase samples, and polymers. 

• Source – generates radiation 

• Interferometer – merges two or more sources of light to create and interference pattern 

• Sample compartment – to hold the sample 

• Detector – to detect radiation passing through the sample 

• Amplifier – amplifies the signal 

• A/D convertor – converts the signal from analogue to digital 

• Digital display – shows the converted and amplified signal for each specimen 

3.3.4 Rheology 
 Rheology measurements were performed on a TA discovery HR-1 hybrid rheometer, where (0.5-1 

g) of each blend were placed between parallel plates and a dynamic temperature sweep was performed 

(50-180°C). Disposable aluminium plates were used (25 mm diameter with a 0.3 mm gap between) due to 

the low viscosity of the blends being used. 

  

Figure 3-8 - Rheometer apparatus (left) and 25mm rheometer plates (right) 

 A known amount of polymer material is placed in a mechanical oscillation at a fixed or 

varying frequency, either in isothermal or dynamic temperature ramp conditions. Storage (elastic) 

modulus G’ o  loss (v scous) modulus G’’, o  the co  espond ng dynam c v scos ty funct ons of the 

polymeric material are measured in shear/strain as a function of frequency, temperature or time. This 

method provides a simple means of characterizing the important rheological properties and viscosity of 

polymer materials. Values obtained through this test method can be used to assess the complex viscosity 
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of the polymer melt as a function of dynamic oscillation, the processing viscosity as a function of 

experimental parameters, the effects of processing treatment, relative polymer behavioural properties, 

including viscosity and damping, and the effects of formulation additives that might affect processability 

or performance. 

• Test fixtures – polished cone/plate or parallel plates either smooth, polished, or serrated  

• Oscillatory deformation (strain) – a device for applying continuous oscillatory deformation 

• Detectors – a device for determining dependant or independent experimental parameters 

• Temperature controller/Oven – to control specimen temperature and heat during testing 

• Purge gas – usually Nitrogen to purge the specimen chamber 

3.3.5 Dynamic mechanical & thermal analysis 
 A flat rectangular strip of laminate is placed in the DMA apparatus and oscillated at a nominal 

frequency of 1 Hz from 1-300 microns. The linear elastic region is identified followed by heating the sample 

at a selected ramp rate. The second stage involved heating the system from 30-160°C at 5°Cmin-1, within 

the linear elastic region obtained from the initial test. 

  

Figure 3-9 - DMA apparatus (left) and sample clamp (right) 

 This test method is designed to determine the glass transition temperature of continuous fiber 

reinforced polymer composites using the DMA method. The DMA Tg value is frequently used to indicate 

the upper use temperature of composite materials, as well as for quality control of composite materials. 

• Micrometer – suitable for reading to 0.025 mm accuracy for measuring the specimen thickness 

and width 
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• Caliper – suitable for reading to 0.025 mm accuracy for measuring the specimen length and 

instrument clamping distance 

• Dynamic mechanical analyser – with oven capable of heating to above the glass transition 

temperature and of controlling the heating rate to the specified value. 

3.3.6 Cone calorimetry 
 Cone calorimetry was conducted on the baseline blend and the PY306+DDS blend. This was done 

by creating 75x75 square plaques with a 3 mm thickness (baseline), and 50mm diameter with 6mm 

thickness circular plaques (PY306+DDS). These were then evaluated in a cone calorimeter at the University 

of Bolton. A heat flux of 50 W/m2 was applied to each plaque and the heat release rate, total smoke release 

and mass loss were obtained. These tests were done with 3-5 replicates to get a more accurate result for 

each blend. 

 

Figure 3-10 - Cone calorimeter apparatus 

 This test method is based on the observation that the net heat of combustion is related to the 

amount of oxygen required for combustion. Specimens in this test are burned in ambient conditions, while 

being subjected to a predetermined initial test heat flux, which can be set from 0 to 100 kW/m2. The test 

permits burning to occur with or without spark ignition, the primary measurements are heat release rate, 

mass loss, total smoke release, effective heat of combustion, oxygen concentrations and exhaust gas flow 

rate. This method is used primarily to determine the heat evolved in or contributed to a fire involving 

products of the test material. The required properties are determined on small size specimens usually on 

100mm X 100mm X (3-9)mm sample sizes.  

• Conical heater – active heating element 
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• Temperature controller – to maintain element temperature  

• Exhaust system  

• Load cell – to record any mass loss 

• Specimen mounting – to hold the sample in place 

• Radiation shield  - to protect specimen from initial test heat flux prior to the start of test 

• Gas sampling 

• Oxygen analyser 

• Heat flux meter 

• Calibration burner 

3.3.7 Calculation of amine reactivity 
 The reactivity of all the amines was calculated using Atomic charge calculator (ACC), which is an 

open-source application for the calculation and analysis of atomic charges which respond to changes in 

molecular conformation and chemical environment. ACC uses the electronegativity equalisation method 

(EEM), which is an empirical approach which relies on parameters which is fitted with data from reference 

Quantum mechanics calculations. ACC solves the EEM matrix equation by solving a series of system 

equations. ACC generates a fragment of all atoms within a cut-off radius R of the original atom.  

 The workflow for ACC consists of the following steps: 

1. Upload of molecular structure – where a fully minimised system of the molecular structure is 

uploaded and identified as a single molecule 

2. Setup – at this stage ACC parses the molecular structure to identify the number and types of atoms 

in the system.  

3. Calculation – after the setup is complete the calculation begins, where each calculation is defined 

by the molecule, total molecular charge, set of EEM parameters and computation options, which 

finally produces one set of atomic charges. 

4. Results – the results of the computations are summarised and provides a list of statistics within 

each set of charges, pairwise comparison statistics, and an interactive 3-D visualisation of the 

molecule. 

3.3.8 General Simulation Details 
All-atom molecular dynamics (MD) simulations were performed using the DREIDING force-field 

(FF). The system temperature and pressure were controlled via use of the Nosé-Hoover thermostat and 

barostat, respectively. The long-range van der Waals (vdW) and Coulombic interactions were cut off at 

inter-atomic distance of 12 Å. A Buckingham (X6) potential was used throughout the work. The 

contribution of long-range interactions to the electrostatic interactions was calculated via the particle–

particle-particle-mesh (PPPM) algorithm. A time-step of 1 fs was used throughout all simulations. Periodic 



Chapter 3 – Materials & Methods   Jibran Sajjad Yousafzai 

78 
 

boundary conditions (PBCs) were implemented in all three principal directions. All MD simulations were 

performed using the open-access LAMMPS simulation software package(lammps.sandia.gov). 

3.3.9 Deconvolution analysis 
A Gaussian deconvolution method was applied to the TGA thermograms, to determine the 

individual contributions of each of the degradation mechanisms. This was enhanced by the use of a Fourier 

transform (FFT) filter to simply and expedite the deconvolution. The thermogravimetric peaks from the 

runs in nitrogen were analysed, to establish the contributions of the various degradation mechanisms. 
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4.1 Material Selection & Formulation 
 The selected baseline material CYCOM EPXX was formulated at Solvay (Cytec) and the resin was 

formulated by adding all the required components to the blend, which was then poured into a mould and 

degassed under a vacuum for a maximum of 3 hours at 120°C until all the bubbles had disappeared. The 

mould was then placed into a temperature-controlled oven and cured at 180°C for 2 hours at 2°C/min.  

Since EPXX is a proprietary blend the composition of the blend cannot be disclosed, basic thermal and 

spectroscopic characterisation experiments will be discussed in the rest of the chapter. All experiments 

and data shown in this chapter were conducted and produced by Solvay, due to the proprietary nature of 

the selected system none of the analysis and was conducted by the author of this thesis. The data is simply 

used as a baseline standard for a commercially used system, and the results are compared to the tested 

systems in the following chapters. 

4.2 Differential Scanning Calorimetry 
 The first stage of the thermal characterisation was performing differential scanning calorimetry 

(DSC) on the EPXX resin system.  The uncured resin was heated from (-50°C - 350°C) at 10°Cmin-1, and the 

cured sample was heated from (25°C - 350°C) at 10°Cmin-1. The DSC data for the uncured and cured EPXX 

neat resin is shown in Table 4.1. 

Table 4-1 - Uncured and cured values obtained from DSC 

 Tg Onset °C Polymerisation Onset °C Peak Exotherm °C Heat of Reaction J/g 

Uncured 0.8 189 243 376 

Cured 181 204 264 22 

 

 A kinetic study was also conducted on the neat EPXX formulation, this was done to determine the 

cure cycle of the system. The blend was divided into 7 different samples and placed in the curing oven, the 

samples were then removed from the oven at varying time and temperature intervals. The time and 

temperature intervals were chosen so that the entire cure cycle could be analysed, if the time steps are 

too large key kinetic activity could be overlooked. The glass transition shifts to a higher temperature as the 

reaction reaches a higher degree of cure. This is because the energy required to break the formed 

crosslinks increases with increasing degree of cure. The heat of reaction also reduces over degree of cure 

as the strong chains and crosslinks have already formed. This is shown in Table 4.2. 
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Table 4-2 - kinetics analysis of EPXX obtained from DSC 

Time / mins Temperature °C Heat of Reaction J/g Epoxy Conversion % Tg °C 

0 90 369  0  7 

60 150 346  6  17 

75 165 305  17  31 

90 180 200  46  70 

150 180 65  82  151 

210 180 32  91  175 

270 180 23  94  190 

4.3 Thermogravimetric Analysis 
 The next stage of the thermal analysis involved conducting thermogravimetric analysis (TGA) to 

examine the thermal stability of EPXX. The sample was heated from (30°C-700°C) at 10°Cmin-1. The TGA 

for EPXX run in a nitrogen atmosphere is shown in Fig 4.1. 

 

Figure 4-1 - TGA thermogram and first derivative of EPXX 

 By looking at the first derivative in Fig 4-1 it is clear the process is not completely symmetrical, 

indicating that although a single mass loss stage is indicated it probably comprises several coincident 

processes. Around 375°C the onset of degradation begins and slowly increases as the temperature 

increases; this initial region can be attributed to the breaking of single bonds within the system. Mass loss 

increases significantly in the temperature range (375 to 425°C), relating to the breakdown of aromatic 

rings, with the maximum rate of degradation occurring at 400°C. Finally, char formation occurs at between 

450-500°C leading to a char yield of 28% for EPXX. The temperatures for the initial stage of the degradation, 

the char yield, and the temperature for the max rate of degradation are shown in Table 4.3. 
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4.4 Rheology 
 In order to understand the viscosity profile and determine the gel point of the blend, a dynamic 

rheological analysis was conducted. The uncured blend was heated from (70°C - 190°C) at 1°C min-1 at a 

frequency of 1 Hz. As shown in Fig XX the blend reaches its minimum viscosity at 145°C, and the onset of 

cure is at the curing temperature of 180°C. As the temperature increases crosslinks within the blend start 

to form, and the sample starts to cure at an increased rate closer to its maximum cure temperature. 

  m la ly, fo  the loss modulus G’ wh ch measu es the d ss pat on ene gy o  the st ffness of the mate  al,  t 

reduces as the temperature approaches its Tg and the material becomes more molten. Once it reaches its 

peak value at 145°C it then starts to increase, as the material starts curing and hardens due to crosslinks 

the stiffness of the materials increases as it solidifies.  

 

Figure 4-2 - Change in viscosity with increasing temperature 

 The profile of the rheology plot shown in Fig 4.2 is also informative as it gives some indication of 

the manner of the network formation. The rapid onset of gelation of EPXX suggests that the network is 

growing spinodally from several discrete regions, percolating and growing together to form a critical mass, 

which leads to a more rapid growth in the viscosity of the growing mechanism. 
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Table 4-3 - Degradation parameters extracted from TGA 

T% mass loss °C Degradation Onset °C D1°C Yc % 

T10% 380 

400 28 20% 390 

30% 400 

T% mass loss = temperature at which % mass loss occurs, Degradation onset = onset of corresponding 

mass loss, D1 = temperature of max rate of degradation, Yc = char yield 
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4.5 Near-infrared Spectroscopy 
 The spectroscopic analysis for EPXX was done using Near-infrared spectroscopy (NIR), to analyse 

the molecular architecture and understand the polymerisation mechanism. The NIR data was normalised 

against two known unchanging peaks within the spectrum, these were either aromatic, aliphatic or C-H 

stretch overtones. The normalised spectrum for EPXX is shown in Fig 4.5 along with the proposed 

functional group assignments. 

v cm-1 Intensity Shape Proposed assignment 

4530 High Sharp C-O-C of epoxides 

4925 Med Broad -NH2 Primary amine 

6059 Low Broad Epoxy 

6570-6670 Low Very-broad Primary and Secondary amine 

7000 Low Very-broad Hydroxyl 
 

v = transmission or absorbance frequency 

 

Figure 4-3 - showing NIR spectra for EPXX at each stage through curing cycle 

 As shown in Fig 4-3 as the temperature of the curing cycle increases, the amount of epoxy is 

decreasing along with the primary and secondary amines. As the whole system becomes more crosslinked 
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and cures at a faster rate, at higher temperatures there is also a chance of etherification, which is the 

dehydration of an alcohol into an ether by an aromatic phenol. The epoxy peak at shown at 4530 cm-1 

decreases with increasing temperature. The primary amine peak shown at 4925 cm-1 also decreases as the 

reaction progresses, whereas, at around 6570-6670 cm-1 the primary and secondary amine peaks are 

conjugated, but they can be seen to decrease as the temperature increases. Finally, the hydroxyl peak, 

observed at around 7000 cm-1, can be seen to increase as the reaction goes on. The conversion curves for 

the reaction are shown in Fig 4.6. The conversion plot shows that the epoxy and primary amine conversion 

rates are higher at the start of the reaction, and the secondary amine conversion rates increase between 

50-100 mins. The epoxy conversion obtained from the DSC is also quite similar to the epoxy conversions 

from both normalisations.  

 

Figure 4-4 - showing conversion curves for each of the reacting constituents in the reaction 

4.6 Cone Calorimetry 
 The samples were manufactured into square plaques (100mm X 100mm X 4mm) and were 

subjected to a heat flux of 50 kW m-1. Consequently, the behaviour of EPXX was determined in the form of 

several key parameters: the time taken for the flame to ignite and extinguish, peak heat release rate (HRR), 

smoke release, and mass loss. It is axiomatic that for a material to be deemed of low flammability, the 

ignition times should be maximal, while the remaining parameters should be minimised. Ignition times for 

materials depend on many factors such as: thickness, density, and thermal conductivity. EPXX has a 

relatively high char yield obtained from the TGA of 28%, which could account for the sharp fall in the HRR 

as the char reduces the flame spread. For this test 3 identical samples of EPXX were tested and the values 
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were averaged, the following parameters are shown in Table XX: Total time to ignition (TTI), flame out 

(FO), peak heat release rate (PHRR), total smoke release (TSR) and mass loss. 

Table 4-4 - showing key parameters extracted from cone calorimetry 

TTI / s FO / s PHRR / kWm-2 EHC / TSR / s CO Yield CO2 Yield Yc / % 

65.3 441 705 70.4 3064 3.16 32.3 20.7 

TTI = time to ignition, FO = time to flame out, PHRR = peak heat release rate, EHC = effective heat of 

combustion, TSR = Total smoke release, CO = Carbon monoxide yield, CO2 = Carbon dioxide yield, Yc = 

char yield % 
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5.1 Molecular dynamics 
The work in this Chapter was conducted in collaboration with the University of Queensland, the 

material data was provided by the author of this thesis. The molecular dynamics simulations were 

conducted in LAMMPS, which is an extensively used open-source software. 

5.2 Calculations of Partial Atomic Charges 
Seven epoxy systems were analysed where the monomer was kept the same and the hardener 

was varied. The seven hardeners and monomer used in this work (Chapter 5, Section 5.8)), utilised the 

“act vated fo m” of the epoxy monome s.  he epox de   ngs of the monome  we e opened, and the ca bon 

and oxygen atoms of each epoxide ring were saturated with hydrogen atoms. The carbon atom of distal 

methyl group on each epoxide group is considered as the reactive atom in the polymerisation process. The 

initial structures of both monomers and hardeners were generated using the AVOGADRO software 

package. These structures were then geometrically optimised using the Generalized Amber force field 

(GAFF) which is one of the available force fields in the software. The molecules were considered to be 

geometrically optimised when the energy difference between two successive optimisation steps was less 

than 10−10 kJ.mol−1.  The partial atomic charges were calculated using the charge equilibration method 

(Q  ) w th the ‘ solated model’  epo ted  n the l te atu e.  o avo d undes  ed  nte act ons during the 

partial charge calculations, each molecule was separately placed in a big cubic simulation cell (200 Å from 

each principal direction). The partial atomic charges were determined and averaged over symmetrically 

similar atoms. In addition, the partial charges of the reacted atoms were recalculated after the formation 

of a cross-link bond between the hardener and each of the monomer. 

5.3 Modelling the Liquid Precursor Mixture 
The PACKMOL software package was used to generate the liquid precursor mixtures. The 

monomers and hardener molecules were randomly placed in a low-density cubic simulation cell with a 

dimension of 120 Å in each direction. Following this, the liquid precursor mixture was subjected to 

geometry optimisation to prevent undesired atomic overlaps using the FIRE algorithm for 50000 steps. 

Upon the completion of this step, the samples were equilibrated by heating up to 500 K via NVT-MD 

simulations over 50 ps and kept at this temperature for further 100 ps. Next, an isotropic NPT-MD 

simulation was performed at this temperature and 1 atom to equilibrate the system density for 500 ps. 

The reaction temperature employed in the simulations does not necessarily have to be the same with real 

experiments. The reason to use an elevated temperature is to allow molecules to move fast enough so 

that they come close each other to increase the chance of reaction in the polymerisation procedure. 

5.4 Simulated Annealing Procedure 
Once the liquid precursor mixtures reached the equilibrium density at 500 K, they were subjected 

to the simulated annealing (SA) procedure, which ensures that the monomer and hardeners were mixed 

properly. In this SA procedure the samples were heated up and down between 500 and 1000 K via NVT-
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MD simulations. The samples were first simulated at 500 K for 0.2 ns. Following this, they were heated up 

to 1000 K for 0.2 ns, and the samples were held at this temperature for further 1.0 ns. After this step, the 

samples were cooled down to the polymerisation temperature, 500 K, over 0.5 ns. Last, 0.2 ns simulation 

in NVT ensemble was performed at 500 K, and a frame at the end of each 1 ps was recorded for further 

analysis. These frames (in total 200 frames for each system) were then used to calculate the radial 

distribution functions (RDFs) at 500 K to characterise the molecular-level structure of the liquid mixture 

for each system. To achieve this, the reactive carbon atoms of the monomers and reactive nitrogen atoms 

of the hardener were used as reference sites for RDF plots.  

 

Figure 5-1 - Radial distribution function plots between the reactive carbon atoms of the monomer 
and reactive nitrogen atoms of the hardener for each liquid precursor mixture at 500 K. 

 The liquid precursor mixtures was equilibrated at 500 K following the simulated annealing 

procedure. To capture the molecular-level structing in the liquid precursor mixture as shown in Fig 5-1.  

Table 5-1 - comparison of RDF, reactivity and experimental gel point 

Formulation B1 B2 B3 B4 B5 B6 B7 

Radial distribution g(r) 4th 1st 7th 3rd 2nd 5th 6th 

Reactivity 4th 1st 7th 5th 3rd 2nd 6th 

Experimental Gel point °C 1st 3rd 2nd 7th 4th 6th 5th 

1st = Highest, 7th = Lowest 

The results indicate that the average distance between the carbon and nitrogen atoms was similar 

for each system as the location of the first peak in Figure 5-1 appeared to be very similar, but there was a 

variation in the amplitude which indicates the probability of reactive N and C atoms varied between 
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formulations. The variation in the RDF plots could be attributed to the molecular structure of the amine 

hardeners and their associated reactivity (Chapter 5, Section 5.8). Formulation B2 had the 1st RDF meaning 

the probability of finding reactive N and C atoms was higher. This could be due to small molecular structure 

of amine 2 and its higher reactivity, but according to the experimental rheology data (Chapter 7, Section 

7.1) formulation B2 had the 3rd highest gel point. Formulation B5 had the 2nd highest RDF, which indicated 

a slightly lower probability of finding reactive N and C atoms close to each other. This could be due the 

presence of the large methylene central bridge in amine 5 and its 3rd highest reactivity, which could 

sterically hinder the proximity of reactive N and C atoms but would still undergo entanglements and tighter 

packing, according to the experimental rheology data (Chapter 7, Section 7.1), formulation B5 has the 4th 

highest gel point. Formulation B4 had the 3rd highest RDF, according to its molecular structure the long 

linear structure of amine 4 and 5th highest reactivity, would facilitate higher packing, along with the 

probability of pi-stacking occurring in the system. According to the rheology data (Chapter 7, Section 7.1) 

formulation B4 had the lowest gel point of all the systems. Formulation B1 had the 4th highest RDF, this 

could be attributed to the small molecular structure of amine 1 and its 4th highest reactivity. Where the 

small structure combined with lower reactivity, would limit the proximity of the reactive N and C atoms in 

the annealed mixture. According to the rheology data (Chapter 7, Section 7.1) formulation B1 had the 

highest gel point of all the systems. Formulation B6 had the 5th highest RDF, this could be attributed to 

molecular structure of amine 6 and its 2nd highest reactivity. The non-symmetric cranked nature of the 

amine 6 could limit the probability of reactive N and C atoms being in close proximity, despite having the 

2nd highest reactivity of all the systems. According to the rheology data (Chapter 7, Section 7.1) formulation 

B6 had the 6th highest gel point of all the systems. Formulation B7 had the 6th highest RDF, this could be 

attributed to the molecular structure and lowest reactivity of amine 7. The long linear structure couple 

with the possibility of high entanglements and increased intermolecular forces due to the polar nature 

could inhibit the proximity of reactive N and C atoms. According to the rheology data (Chapter 7, Section 

7.1) formulation B7 had the 5th highest gel point of all the systems. Formulation B3 had the lowest RDF of 

all the systems, this could be due to the molecular structure and lowest reactivity of amine 3. The long 

linearity and high intermolecular forces, coupled with the higher entanglements induced by the meta 

position of the amine on the benzene ring, could reduce the proximity of the reactive N and C atoms. 

According to the rheology data (Chapter 7, Section 7.1), formulation B3 has the 2nd highest gel point of all 

the formulations. 
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5.5 Polymerisation via In-situ Cross-linking of Liquid Precursor Mixture 
After the SA procedure was completed, the in-situ cross-linking procedure that was previously 

reported in the literature was applied to the resultant samples to generate polymerised resins. In this 

procedure, the hardener molecules reacted with each of the monomers in different samples. Each reactive 

carbon atom in monomers can react once to form a covalent bond and has the same probability of forming 

a new bond. On the other hand, each reactive nitrogen atom of the hardener can react twice with carbon 

atoms of monomers to form cross-link bonds. In the in-situ cross-linking procedure used herein new bonds 

formed at 500 K on-the-fly. In this cross-linking procedure, the reactive atoms were detected within a 

reaction cut-off distance, which was initially set to 3.0 Å and then allowed to react. After each attempt of 

bond formation, the samples were relaxed via multi-step relaxation procedure. This relaxation was 

achieved by gradually decreasing the bond length of the new bonds to the equilibrium value while at the 

same time increasing the bond force constant of these new cross-l nk bonds to the fo ce f eld’s value  n 

eight incremental steps. At each of these eight steps a 10 ps NVT-MD run was performed at 500 K. 

Following this, a 20 ps NPT-MD simulation was performed at 500 K and 1 atom to adjust the density of the 

sample as a response to new topology. At each cross-linking distance ten attempts were made to detect 

new reactive atom pairs before increasing the cross-linking cut-off distance by 0.5 Å. Prior to this increase, 

a further NPT-MD simulation was run at 500 K and 1atm for 50 ps. Resin samples with a degree of cross-

linking (DOC) of 95% were generated. The DOC is defined here to be the ratio between the number of 

reacted carbon atoms of the monomers and the total number of reactive carbon atoms of the monomers 

present in the simulation cell. After formation of cross-link bonds, the excess hydrogen atoms that were 

connected to the reacted carbon and nitrogen atoms were deleted, and the partial atomic charges of these 

reacted atoms were updated. The reason of keeping the DOC fixed (96-98%) in this instance) is to make a 

fair comparison between the thermo-mechanical properties of the candidate resins.  

5.6 Prediction of Thermal Properties 
After the completion of polymerisation procedure, the resultant samples were used to predict the 

thermal properties, including glass transition temperature (Tg). In the simulations, Tg was calculated via 

isotropic-isobaric cooling, where the system was cooled from high to low temperature. Specifically, the 

system was cooled f om 700 K to  00 K w th a cool ng  ate of  0 Kns− , v a use of  D s mulat ons  n the 

isotropic NPT ensemble. The samples were cooled in intervals of 10 K, and simulated for 0.5 ns at each 

temperature point, amounting to a total of 25.5 ns of MD simulation for cooling of each resin system. 

Piece-wise data fitting was applied to determine Tg, where two lines were fit to the temperature vs. density 

data. The temperature vs reduced volume data for each resin systems is shown in Fig 5-2. 
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Figure 5-2 - Temperature versus reduced volume data for each resin system. 

The simulated reduced volume could be related to the experimental free volume, obtained from 

the experimental storage modulus (Chapter 7, Section 7.3). The temperature vs average density for each 

resin sample is shown in Fig 5-3.  

Table 5-2 - comparison of simulated free volume against storage modulus free volume  

Formulation B1 B2 B3 B4 B5 B6 B7 

Reduced volume 2nd 3rd 1st 5th  4th  7th 6th 

Storage modulus 6th  1st 4th  5th   3rd   2nd   7th  

1st = Highest, 7th = Lowest 

 The simulated free volume was overestimated for formulation B1 compared to the experimental 

free volume, whereas the free volume for B2 was underestimated compared to the experimental free 

volume. The simulated free volume for B3 was overestimated compared to the experimental free volume, 

whereas the simulated free volume for B4 was similar to the experimental free volume. The simulated free 

volume for B5 was slightly overestimated compared to the experimental free volume. The simulated free 

volume for B6 was highly overestimated compared to the experimental free volume. Finally, the simulated 

free volume for B7 was slightly underestimated compared to the experimental free volume. 
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Figure 5-3 - Temperature versus average density values for each resin sample. 

The intersection of these two lines is defined as the Tg. Due to the discrepancy between the 

experimentally achievable cooling rates and computationally practical cooling rates, a correction is applied 

to the predicted Tg values. A common practise is to subtract 3 K from the predicted Tg values per order of 

magnitude in difference between the experimental and computational cooling rates. In this study, the 

corrected Tg is named as Tg,corr Similar to the Tg calculations, we calculated the 𝛼𝑣 for both glassy and 

rubbery states at each temperature point. 𝛼𝑣 was calculated from the slope of the volume fraction vs. 

temperature plot, where the volume fraction at temperature 𝑇is (𝑉(𝑇) −𝑉(200))∕𝑉(200). For isotropic 

structures, 𝛼𝑙 can be calculated by simply taking one-third of the 𝛼𝑣 value. 

 

Figure 5-4 - (a) Comparison of the corrected glass transition temperatures predicted using the 
temperature versus density data (Tg,corr1) as in Figure 2, and the temperature versus reduced 

volume data (Tg,corr2) as in Figure 3. (b) Predicted coefficients of linear 
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 The glass transition temperatures obtained from MD simulations, could be compared with the 

glass transitions obtained from the DSC analysis (Chapter 6, Section 6.1). The comparison is shown in 

Table 5-2. 

Table 5-3 - comparison of simulated and experimental glass transition temperatures 

 B2 B6 B7 B3 B5 B4 B1 

Tg,corr Density 101 113 122 92 110 99 90 

Tg,corr Volume 121 131 140 119 130 122 115 

Tg DSC Experimental 103 119 122 122 129 137 160 

 

 The experimental glass transition for formulation B2 fell within the range of the predicted glass 

transition temperatures but was closer to the Tg,corr density values, which was also the case for formulation 

B6, and B7. The experimental glass transition temperature for formulation B3 was higher than the range 

of the simulated glass transition temperatures, but was closer to the Tg,corr volume prediction. The 

experimental glass transition for B5 fell within the range of the predicted glass transition temperatures, 

but was closer to the Tg,corr volume prediction. The experimental glass transition temperature for 

formulation B4 was higher than the predicted glass transition temperatures, but was closer to the Tg,corr 

volume prediction. The experimental glass transition for formulation B1 was much higher than the 

predicted glass transitions, and was much higher than the upper limit Tg,corr volume prediction by a large 

factor. 

5.7 Determination of Mechanical Properties 
The polymerised samples obtained at the completion of isobaric–isothermal cooling, were tested 

under both tensile and shear deformation. Non-equilibrium MD simulations were performed to generate 

the stress strain curves (SSCs) to predict modulus values. The fix deform command of LAMMPS was used 

in the constant strain de-formation simulations. In the tensile tests, the samples were deformed at 

constant temperature (300 K) and pressure (1 atom) by applying a constant strain of 5×107s−1 in one 

direction while keeping the cell dimensions in the other two directions free to change. We kept each of 

these dimensions decoupled. In other words, their response to applied stress was independent of each 

other. The tensile stress and strain data were averaged over each 1000 steps to obtain the tensile SSCs, 

which are then averaged over three simulations performed for each principal direction. In the deformation 

s mulat ons, Young’s modul  we e obta ned f om the slope of the tensile SSCs. The linear portion (i.e., 2 %) 

of the SSCs was considered.  
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Figure 5-5 - (a) Tensile stress-strain curve for each resin sample. (b) Zoomed-in version of (a). The 
solid lines represent the slope of the linear portion of each SSC. 

 

 

Figure 5-6 - Young’s modulus of each epoxy system at 300 K. 

5.8 Epoxy systems and curing agents 
 Epoxy resins are widely used in many applications due to their attractive properties, such as 

excellent chemical and solvent resistance, good thermal and electrical properties. They also show good 

adhesion to several substrates and to fibres used as reinforcements, they also exhibit low shrinkage during 

the curing process. Polyester and vinyl ester resins shrink from 5-12%, whereas epoxy resins only shrink 

around 5%[195]. In many applications amines, anhydrides, fatty-acids, acrylics, polyesters, polyisocyanides 

and amides are used as curing agents. At present epoxy resins are used extensively as coatings, 

composites, and structural adhesives. The use of epoxy resins in high performance structural materials is 
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getting more popular. There is a huge scope to improve the performance of epoxy resins, for example 

epoxy resins with superior thermal stability for use in the transport sector as interiors [196]. Epoxy resins 

also produce less toxicity during the curing process, due to the absence of styrene, which allows for the 

use of open-mould production (e.g., hand lay-up or vacuum bagging). The epoxide functional group can 

react with several curing agents, such as am nes, anhyd  des, ac ds, me captans,  m da ole’s, phenols, and 

isocyanates, to create covalent intermolecular bonds to form a three-dimensional network. This study 

focused on amine-cured epoxy resin systems, more specifically aromatic diamine cured epoxy resins, due 

to their enhanced environmental stability[197]. Epoxy resins cured with aromatic amines require a longer 

curing cycle as they need long periods at elevated temperatures. They require two stages of heating; the 

first stage is at a low temperature approximately 80°C and the second stage is carried out at higher 

temperatures (150-170°C). By using aromatic amines as curing agents, they epoxy system exhibits 

excellent characteristics such as heat resistant, good mechanical and electrical properties, good chemical 

resistance, particularly against alkalis[198]. During the curing process crosslinking reactions cause changes 

in the physical and chemical properties of the reagents, by increasing molecular weight and viscosity of 

the resin system. The tensile modulus, glass transition temperature and thermal stability are improved 

with increased crosslinking density, but the strain to failure and fracture toughness are reduced[39]. Two 

important stages during the curing process are gelation and vitrification, where gelation can be described 

as the stage where the resin turns from a liquid/fluid state into a gel like state. Vitrification is the opposite 

of gelation where the resin turns from a rubber/gel like state into glass like state. During the curing process 

the glass transition Tg increases to reach the curing temperature at the onset of the vitrification stage. 

Prior to the gel time the difference between the cure temperature and the Tg is great, the reactions occur 

in the liquid state and the of cure is high since it is chemically/kinetically controlled. After the gel point the 

reaction becomes diffusion controlled, and decreases in rate and finally stops[199].  

5.8.1 Epoxy systems 
 Diglycidyl ether of bisphenol A is synthesised by reacting epichlorohydrin with bisphenol A in the 

presence of a basic catalyst. The properties of this resin depends on the number of repeating units, where 

low molecular weight molecules tend to be liquids and higher molecular weight molecules tend to be more 

viscous liquids or solids[200]. Trifunctional epoxy resins such as  trimethylol propane-N-triglycidyl ether, 

can be prepared by the reaction of trimethylol propane and epichlorohydrin. This epoxy is a low viscosity, 

non-crystalline, plastic material than can be cured at low temperatures[201]. Tetrafunctional epoxies are 

synthesised by reacting 1,3-d am noben ene o   , ’-aminodiphenyl methane with epichlorohydrin. These 

epoxies tend to have high epoxy functionality and high crosslinking densities and are used in applications 

where high-temperature resistance is required. They also exhibit excellent chemical resistance, high 

modulus, good UV-blocking and good thermal stability[202]. Novolac epoxy resins are glycidyl ethers of 

phenolic novolac resins, which have been synthesised by reacting phenolic novolac resins with 
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epichlorohydrin. The multiple epoxide groups in novolac resins contribute to a higher crosslinking density, 

which results in excellent thermal, chemical, and solvent resistant properties[203]. Fluorine based epoxies 

tend to improve chemical resistance, low coefficient of friction, low dielectric constant, low water 

absorption, and broad use temperatures. Which makes it possible to fabricate polymers which enhance 

their appeal for commercial use[204]. Phosphorus based epoxies could improve flame retardant 

properties into the resin systems, through flame inhibition in the gas phase and char enhancement in the 

condensed phase. Phosphorus can be covalently bonded into epoxy resins by using phosphorus containing 

oxirane compounds[205]. Silicon containing epoxy resins can be synthesised by either, introducing 

siloxanes into the epoxy compounds using hydrosilylation reactions, or by using the trans-etherification 

between alkoxyl silane and glycidol, or the condensation of hydroxyl-terminated siloxanes with epoxy 

resins or epichlorohydrin[206].  

5.8.2 Curing agents 
 Amine curing agents are the most basic curing agents used with epoxy resins, and can be classified 

into three categories: aliphatic, aromatic, and cycloaliphatic amines[207]. Alkali curing agents are divided 

into imidazole and tertiary amines,  where imidazole are used as accelerators in reactions between epoxies 

and other curing agents, and tertiary amines are also commonly used as accelerators. Alkali curing agents 

are typically used in conjunction with amines, polyamides, amidoamines, mercaptans, polysulfides, and 

anhydrides[208]. Anhydride curing agents have excellent electrical properties, good chemical resistance, 

and good physical properties. They tend to have very long pot lives and are usually used catalysed by amine 

hardeners[202]. Catalytic curing agents are inert under normal conditions but can be activated by external 

stimuli such as heating or photoirradiation. The curing process proceeds by cationic polymerisation 

initiated by the catalytic curing agent. Their use increases storage stability and handling of epoxy resins, 

and are divided into: benzylsulfonium, benzylpyridium, benzylammonium and phosphonium salts[209]. 

5.9 Determining reactivity of amine hardeners 
Amine 1 Amine 2 

  

Amine 3 Amine 4 
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Amine 5 Amine 6 

  

Amine 7 Epoxy 

 

 

Figure 5-7 - Minimised energy state for amines and epoxy 

 To characterise the individual amines and the epoxy, first the reactivity of each of the monomers 

had to be determined. This was done by looking at the electronegativity of the atoms present in the 

chemical structures. Due to the ring strain in epoxides, they readily react to relieve the strain such as the 

addition of a nucleophile to a ring carbon[210]. The focus will be on the diamine monomers, as their 

reactivity will depend on the varying, bridging groups, length of chain and electronegativity of the 

constituents present. General electronegativity values for atoms are shown in Table 5.2.1, along with the 

proposed reactivity of the all the amines. The minimised structures were exported to Atomic charge 

calculator, which is an online web-based calculator of atomic charges for simple structures[211]. Atomic 

charge calculator analyses the minimised molecular structure and chemical environment, and determines 

which atoms are present in the system and their proximity from each other. It then applies the 

electronegativity equalisation methods which determines the charge associated with each atom in the 

structure based on their existing electronegativities. 

Table 5-4 - Electronegativity of all amines in order of reactivity 

Least Reactive → Most Reactive 

Amine 3 Amine 7 Amine 4 Amine 1 Amine 5 Amine 6 Amine 2 

Ne -0.65875 Ne -0.66048 Ne -0.66726 Ne -0.67508 Ne -0.67765 Ne -0.7049 Ne -0.71322 
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 The electronegativity can be defined as the ability of an atom to attract electrons to itself, which 

could be relied upon to explain the direction and magnitude of the transfer of electrons when two atoms 

of different electronegativities for a covalent bond[212]. The reactivity of the amines is related to the 

availability of the lone pair of electrons on the nitrogen, this will be dependent on the surrounding groups, 

proximity, and steric effects. The more negative the electron density at the nitrogen, the lone pair will be 

more available for a reaction, making it more reactive. As shown in table 4.6, amine 3 and amine 7 are the 

least reactive, there is a slight difference between their reactivities even though their structures are very 

similar, the only difference being the meta (amine 3) and para (amine 7) linkage of the -NH2 group. The 

very small difference could be attributed to the meta linkage in amine 3, where due to the proximity of 

the amine group, with the central bridging group and the rest of the structure, due to the slight mobility 

allowed on the oxygen bridge. Amine 4 is the next up in reactivity, like amine 3 and amine 7 it has 4 

aromatic rings and a long chain length, even though the central sulfonyl bridge is not present, the mobility 

at the oxygen bridge could induce steric effects on the nitrogen and effect the reactivity of the amine. 

Amine 1 has a small chain length with two aromatic rings, and a rigid central sulfonyl bridge, it has a very 

slightly higher reactivity than amine 4, this could be due to the reduced steric effects of the small chain 

rigid structure. Amine 5, 6 and 2 have the highest reactivities in that order, amine 5 once again has a long 

linear chain with 4 aromatic rings, but the central methyl-bridge is electron donating, which greatly 

reduces the effect on the nitrogen. Amine 6 and amine 2 have no electronegative groups apart from the 

nitrogen, the only difference being the proximity of the electron donating groups on the structure, the 

methyl groups are closer to the nitrogen in amine 2 than in amine 6, hereby slightly increasing the reactivity 

of amine 2 compared to amine 6. 

5.9.1 Influence of epoxy structure on reaction 
The structure of the epoxy can influence the reactivity between epoxies and amines, usually end 

epoxy groups are more reactive than internal epoxy groups [213]. This is due to the steric hinderance and 

the inductive effect,  ubst tuents  n α-position of epoxy have indeed a positive or negative inductive effect 

on the electrophilic site of epoxy moieties, and thus modifying the reactivity of epoxy ring. Thus, the higher 

the negative inductive (I- effect) o  mesome  effects on the α-carbon of epoxy ring, the higher the 

reactivity towards amines. In this view, an alkyl epoxy is less reactive than an allyl epoxy, then vinyl epoxy 

and aromatic epoxy [214].  N- and O- glycidyl also exhibit a high reactivity due to the presence of 

heteroatom in their backbone [213], which has two impacts on the reactivity towards amines. The oxygen 

of the epoxy ring indeed induces an inductive effect and can form H bonds with amine reactant, favouring 

the molecular positioning between two reactants and thus the epoxy-amine reaction . In addition, allene 

oxide are extremely unusual molecule, considered as reaction intermediate [215]. They are highly strained 

and thus highly reactive due to mesomer effect and steric hindrance.  
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5.9.2 Influence of amine on reaction 
The structure of amines has a great influence on their properties and thus on the epoxy-amine 

reaction. First, their backbone weight and then their substituent could impact the intra or intermolecular 

H bond formation and change their properties, such as the boiling point, the physical aspect, the miscibility 

degree in the solvent or with other reactant and the reactivity. First, the most reactive class of amine 

hardeners are aliphatic amines containing heteroatoms. The reactivity of amine hardeners could be indeed 

enhanced by the introduction of heteroatom in the amine backbone, in spite of the electron-withdrawing 

inductive effect of heteroatom. This can be explained by the formation of H bonds with amine reactant 

and/or epoxy moiety, which then catalyses the epoxy-amine reaction by favouring molecular positioning 

[213]. Polyetheramines are also aliphatic amine containing heteroatoms currently used in the industry, 

that seem to exh b t a  eact v ty close to standa d al phat c am nes (except β-methylated polyetheramines) 

desp te the p esence of oxygen atom  n β-position. Then, conventional aliphatic amines can easily react at 

room temperature due to their low steric hindrance environment, and are more reactive than comparable 

cycloaliphatic ones, and much more reactive than aromatic amines [213]. Moreover, the steric hindrance 

has a strong impact on the reactivity. Aryl compounds are therefore more reactive than their aryl 

analogous. Furthermore, aromatic amines belong to low reactive hardeners class, requiring high 

temperatures to start the reaction. The attractiveness of the lone pair is indeed lessened because of the 

conjugated system with the delocalized ring electrons, decreasing the nucleophilic character. However, as 

in the case of cycloaliphatic ones, aryl compounds show higher reactivity, such as m-xylylenediamine 

(MXDA), having close reactivity to similar IPDA [216]. 
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Figure 5-8 - summary of amine reactivity from literature[213] 
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6.1 Thermal Analysis for Polymerisation of Epoxy-Amine systems 
 Differential scanning calorimetry (DSC) analysis was conducted on all seven epoxy/amine 

formulations. The uncured formulations and cured resins were all heated (30°C-300°C) in hermetically 

sealed aluminium pans in flowing nitrogen (50cm3min-1) at heating rate of 10°C min-1. This was followed 

by a kinetics analysis on each of the formulations, where four different heating rates (10, 20, 30, and 40°C 

min-1) were used during the DSC analysis. The scan for formulation B1 is shown in Fig 5.1. 

 

Figure 6-1 - DSC thermograms for formulation B1, uncured (black scan) and cured (red scan) 

 All the uncured formulations exhibited a similar gaussian profile with small variations, similarly the 

cured samples exhibited similar profiles with different Tg values observed, dependent on chemical 

structure and crosslink density. As expected, the Tg values for the cured resins were significantly higher 

than the uncured samples, this is due to more energy being required as the crosslinks have formed after 

curing. The onset temperatures for the polymerisation reactions were quite close in range with the highest 

being 130°C and the lowest being 100°C, the enthalpy of reaction also had a small range with the highest 

being 55 kJmol-1 and the lowest being 37 kJmol-1. The DSC values for all the formulations are shown in 

Table 5.1. 

Table 6-1 - Key parameters for all the formulations obtained from DSC 

Formulation B1 B2 B3 B4 B5 B6 B7 

Tg uncured 108 68 84 79 55 69 73 

Tg cured 160 103 122 137 129 119 122 

Onset °C 125 120 115 120 100 130 120 

ΔH J/g  424 337 346 389 349 425 270 
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ΔH kJmol-1 95 76 112 109 98 115 87 

Degree of cure % ~98 ~97 ~98 ~98 ~98 ~98 ~98 

Tg = glass t ans t on tempe atu e, ΔH = heat of  eact on 

  

 The DSC glass transitions for similar epoxy amine systems are shown below. 

Table 6-2 - cured DSC Tg for similar amine cured epoxy systems from literature 

Epoxy Hardener DSC Cured Tg °C Reference 

Bifunctional 
bisphenol A 
based epoxy 

resin D.E.R 331 

Diethylenetriamine (DETA), 
4,4'-Diaminodiphenylmethane(DDM) 

DETA = 135, 
DETA/DDM = 155, 

DDM = 173 
[217] 

D.E.R. 332 
Epoxy Resin 

Ehtylenediamine (EDA), 
Diethylenetriamine (DETA), 
Isophrone diamine (IPDA), 

M-xylylenediamine (MXDA), 
 , ’-diaminodiphenylsulfone (DDS) 

EDA = 140, 
DETA = 149, 
IPDA = 171, 

MXDA = 127, 
DDS = 225 

[218] 

 

To determine the extent of cure and understand the chemical kinetics of the reacting system, 

samples of each formulation were heated at four different heating rates (10, 20, 30, 40°C min-1). The 

thermogram and the conversion curves for formulation B1 are shown in Fig 5.2. 

  

Figure 6-2 - Shifted thermograms with increasing heating rate (left) and their conversions (right), B1 

 As shown in Fig 5.2 the general profiles of the heating rates are similar and increase as the heating 

rate shifts the heat flow to a higher temperature regime. Owing to the limited time the sample spends at 

any given temperature, there is a thermal lag between the sample and its surroundings. Rescan 

experiments confirm that the enthalpy recorded in Table 5.1 represents conversions of 94-46% during the 
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initial scan. These conversions were determined by calculating the heat of reaction ΔH at the beginning 

and the end of the reaction using equation 1[219]. 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛% =
∆𝐻𝑖−∆𝐻𝑓

∆𝐻𝑖
∗ 100      (1) 

 Determination of activation energy requires the determination of temperature, which 

corresponds to an equivalent stage of the reaction for various heating rates. Where the equivalent stage 

is where a fixed amount of the reacting constituents are transformed[220]. These iso-conversion methods 

fall in two categories; the first approximates the temperature integral (p(y)-isoconversion method), 

whereas the second determines the rate of reaction at a stage of the reaction for various heating rates 

(rate-isoconversion method)[220]. The Generalised Kissinger (equation 2)  

ln (
𝛽

𝑇𝑓
2) = ln (

𝐴𝑅

𝐸𝑎𝑐𝑡
) − (

𝐸𝑎𝑐𝑡

𝑅𝑇𝑓
)      (2) 

 where, beta is the heating rate, Tmax is the exothermic peak maximum (K), Eact is the activation 

energy, which is the energy required for the reaction to proceed, A is the pre-exponential factor or 

frequency factor, which is interpreted as the frequency of collisions between reactant molecules at a 

standard concentration, R is the gas constant (8.314 J K-1mol-1). Friedman (equation 3) 

ln (
𝑑𝑎

𝑑𝑡
)
𝑎,𝑖

= ln(𝑓(𝑎)𝐴𝑎) − (
𝐸𝑎𝑐𝑡

𝑅𝑇𝑎,𝑖
)    (3) 

 where, beta is the conversion temperature ,Ta,i is the temperature at a certain conversion, Eact is 

the activation energy, and A is the pre-exponential factor. The raw data from the four heating rates were 

used to calculate the activation energy by treating equations 2 and 3 as standard straight-line equations 

and using the gradient of the line to calculate the activation energy. The Kissinger method also enables the 

rate constant (k) to be determined for the reaction, which can be calculated using the Arrhenius equation 

shown by equation 4. 

𝑘 = 𝐴𝑒−
𝐸𝑎𝑐𝑡
𝑅𝑇        (4) 

 where, k is the rate constant, A is the pre-exponential factor, Eact is the activation energy, T is the 

absolute temperature in Kelvin, and R is the gas constant. The Kissinger and Friedman activation energies 

for all the formulations are shown in Table 5.2. 

Table 6-3 - Activation energies for each formulation at 0.1 and 0.9 conversion 

Formulation 

0.1 0.9 

Eact Friedman 

kJmol-1 

Eact Kissinger kJmol-

1 

Eact Friedman kJmol-

1 

Eact Kissinger kJmol-

1 
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B1 64 50 135 95 

B2 61 60 97 74 

B3 57 64 69 62 

B4 73 99 55 59 

B5 52 76 44 49 

B6 45 88 32 46 

B7 57 76 49 52 

Eact = activation energy 

   

 By analysing the Arrhenius equation, the frequency of collisions can be defined as the pre-

exponential factor (A), the exponent (e-E/RT) is the fraction of molecules present with equal to or an excess 

of the activation energy at any given temperature. The steric factor for such highly crosslinked thermosets 

can be considered to be 1. The rate of reaction is directly proportional to the change in the rate constant 

and the change of concentration during the reaction and is also influenced by the change in state from low 

viscosity liquid to a gelled solid. The rate constant is temperature dependent, as A will be affected slightly 

by increasing temperature, as the collision frequency will increase due to increased amount of energy 

present in the atoms, but this is only during the viscous state of the sample and but not beyond gelation. 

The exponential factor is also dependent on temperature, as the reaction progresses the number of 

molecules with the required energy to react will increase, but simultaneously the concentration of the 

reacting components will also decrease, and the mobility of the species will be affected as the reaction 

progresses.  

6.1.1 Kinetic analysis of formulation B1 
 The pre-exponential factor (A), the exponential factor (e-E/RT), the activation energy and the 

average rate constant at each conversion are shown for formulation B1 in Table 6.2. From Table 6.2, the 

change in the pre-exponential factor (A) and e-Ea/RT can be seen, A increases with increasing temperature 

which means the frequency of collisions at the right orientation between molecular species is increasing. 

The exponential factor (e-Ea/RT) is also decreasing with increasing conversion, meaning the number of 

molecules with sufficient energy might exist, but as reaction is diffusion controlled beyond gelation then 

their ability to interact is severely curtailed.  
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Table 6-4 - Kinetics parameters for formulation B1 

Conversion Ln [A] s-1 e-Ea/RT Ea Kissinger kJmol-1 Average rate constant s-1 

0.1 12.39 2.76 e-6 50440 3.42E-05 

0.2 14.04 5.75 e-7 58490 8.07E-06 

0.3 14.84 2.68 e-7 62748 3.98E-06 

0.4 15.35 1.64 e-7 65706 2.52E-06 

0.5 15.77 1.09 e-7 68208 1.72E-06 

0.6 16.29 6.60 e-8 71138 1.08E-06 

0.7 17.03 3.26 e-8 75044 5.55E-07 

0.8 18.3 9.62 e-9 81459 1.76E-07 

0.9 21.13 6.41 e-10 95148 1.35E-08 

LN [A] = pre-exponential factor, e-Ea/Rt = exponential factor, Eact = activation energy 

  

 The variation in the rate constant in conjunction with the viscosity data from the rheology data 

(Chapter 7, Section 7.1), can help identify the variation in network formation through the curing process. 

There is a slight variation in the gradient of the rate constant from 10%-20%, which corresponds to a 

temperature of roughly 197-213°C, this is expected as the onset on gelation for this formulation is around 

200°C. At higher conversions from 50%-60% where the temperature range is 235°C, a change can be seen 

in the gradient of the rate constant, this is also expected as the maximum gelation occurs at 213°C. This 

indicates gelation began to occur at around 10-20% conversion as the network started forming in discrete 

regions as shown by the rate of gelation, which was already relatively close to the max gelation 

temperature. This would explain the variation in activation energy, initially increasing from 10-20% 

conversion followed by a period of consistency and then a further increase. The peak exotherm for B1 

occurs at 212°C and it occurs close to the max observed point of gelation, and the polymerisation onset 

occurs at 125°C. This could be attributed to several factors due to the structural morphology of amine 1 

(Chapter 5, Section 5.9), the small compact nature of amine 1 would facilitate interaction between the 

reacting species. The rigid structure of amine 1 limits chain extension in a certain orientation. The increase 

in activation energy suggest that due to the highly crosslinked structure formed, the reaction starts to 

become diffusion controlled at higher temperatures, as the mobility of the reacting constituents is limited 

due to the highly crosslinked structure. This would constitute a lower free volume to be present in the 

system, as the higher activation energies indicate highly crosslinked network formation. 
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Figure 6-3 - rate constant vs. 1/T for formulation B1 

6.1.2 Kinetic analysis of formulation B2 
Formulation B2 has a consistent reaction profile, due to the small fluctuations in A and  e-Ea/RT. As 

the reactivity of B2 is relatively high compared to B1, the activation energy rises up to a fractional 

conversion of 0.7, after which it starts to rise quickly due to increased diffusion control. 

Table 6-5 - kinetics parameters for formulation B2 

Conversion Ln [A] s-1 e-Ea/RT  Ea Kissinger kJmol-1 Average rate constant s-1 

0.1 15.07 2.22 e-7 60318 3.35E-06 

0.2 15.38 1.65 e-7 63145 2.54E-06 

0.3 15.14 2.0 e-7 63317 3.03E-06 

0.4 14.93 2.43 e-7 63365 3.63E-06 

0.5 14.81 2.7 e-7 63624 4.00E-06 

0.6 14.79 2.74 e-7 64232 4.05E-06 

0.7 14.91 2.43 e-7 65486 3.62E-06 

0.8 15.29 1.65 e-7 68043 2.52E-06 

0.9 16.41 5.71 e-8 74032 9.37E-07 

LN [A] = pre-exponential factor, e-Ea/Rt = exponential factor, Eact = activation energy 

 

 The variation of the rate constant graph shows a slight change from 10-20% conversion, where a 

slight increase in activation energy is noticed, this could be because this corresponds to a temperature 

range of 197-210°C and the onset of gelation for B2 is 175°C (Chapter 7, Section 7.1). A more pronounced 
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change is noticed from 70-80% conversion where the temperature ranges from 241-247°C, which is much 

higher than the max gelation temperature of 184°C(Chapter 7, Section 7.1). The peak exotherm for B2 

201°C occurs above the max observed gelation temperature of 184°C, and the polymerisation onset is 

120°C. Owing to the comparatively small, rigid structure of amine 2(Chapter 5, Section 5.9) the chain 

extension orientation is limited to one orientation, as there is little mobility along the chain length of amine 

2. The steric hindrance afforded by the methyl groups on the aromatic rings in close proximity to the 

reactive site further limits the ability of the epoxide ring to interact with the amine. Hence, the increase in 

activation energy implies that the reaction is starting to become diffusion controlled, instead of being 

purely kinetically controlled. The geometric effect can be further confirmed, as amine 2 is the most reactive 

amine(Chapter 5, Section 5.9), but nevertheless the shift from a kinetically controlled to a diffusion control 

mechanism is slower than that of amine 1 (as evidenced by the slower change in gradient). 

  

Figure 6-4 - rate constant vs. 1/T for formulation B2. 

6.1.3 Kinetic analysis of formulation B3 
Formulation B3 displays a very consistent activation energy throughout its reaction process, the 

pre-exponential factor decreases with increasing conversion, whereas e-Ea/rt increases with increasing 

conversion. The overall rate of the reaction increases very slowly as the reaction progresses as shown in 

table 6.5. Even though the monomer and the epoxy have the required energy to react, they are limited by 

steric effects as the long chain length of the amine and the epoxy(Chapter 5, Section 5.9), can cause 

entanglement within the system, which despite the increase in temperature can limit the interactions 

between the two reactive constituents.  
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Table 6-6 - kinetics parameters for formulation B3 

Conversion Ln [A] s-1 e-Ea/RT  Ea Kissinger kJmol-1 Average rate constant s-1 

0.1 16.82 4.49 e-8 64712 7.55E-07 

0.2 15.43 1.61 e-7 61760 2.48E-06 

0.3 14.87 2.66 e-7 60876 3.96E-06 

0.4 14.53 3.64 e-7 60457 5.29E-06 

0.5 14.27 4.59 e-7 60239 6.55E-06 

0.6 14.03 5.65 e-7 60076 7.93E-06 

0.7 13.87 6.51 e-7 60212 9.03E-06 

0.8 13.76 7.17 e-7 60664 9.87E-06 

0.9 13.79 6.78 e-7 62112 9.35E-06 

LN [A] = pre-exponential factor, e-Ea/Rt = exponential factor, Eact = activation energy 

  

  There is some mobility offered by the rotational freedom of the oxygen bridge on amine 3, which 

implies it can have a slight rotation along that axis. Meaning that at higher temperatures with more energy 

in the system, chain extension can happen in multiple orientations, this is also possible with the epoxy as 

it also has a little mobility through its oxygen bridge. Amine 3 has the lowest reactivity of all the amines 

(Chapter 5, Section 5.9)which,  along with long chain entanglement and further mobility afforded by the 

oxygen bridges, possibly accounts for its delayed increase in the activation energy at around 0.8 

conversion. The meta position of the amine group on the benzene ring can also play a big role in the final 

crosslinked system, where the meta position of the mine increases the amount of free volume in the 

system. The rate constant graph shown in Fig 6.5, confirms the system is not very sensitive to temperature 

at increasing conversions.  
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Figure 6-5 - rate constant vs 1/T for formulation B3 

 The gradient of the rate constant for formulation B3 does not vary considerably, there is a slight 

increase in the activation energy from 70-80% conversion which around 232-239°C. The onset of gelation 

for formulation B3 was found to be 165°C and the max rate of gelation was around 191°C(Chapter 7, 

Section 7.1), which was higher than the peak exotherm for B3 197°C. 

6.1.4 Kinetic analysis of formulation B4 
Formulation B4 displays an opposite trend to B1, B2, and B3, where the activation energy 

decreases to a minimum from low to high conversions. The pre-exponential factor decreases with 

increasing conversion, whereas the probability factor increases with increasing conversion Table 6.6. The 

decreasing value of A could be due to chain extension and some crosslinking, where due to the long chain 

lengths and possible entanglement the frequency of the collisions decreases with increasing degree of 

conversion. However, the probability factor still increases as the temperature is increasing, meaning the 

amine and epoxy have the energy to react but are sterically limited by their geometry. The long linear 

structure of amine 4 could explain the reaction mechanism(Chapter 5, Section 5.9), as the central bridge 

is rigid but there is a little mobility allowed through the oxygen bridge in the chain. Despite this, the rate 

of reaction continues to increase with increasing conversion, implying that the reaction is still kinetically 

controlled at higher conversions. The orientation of the reactive sites on amine 4, can limit chain extension 

in a certain direction. Meaning there is a lot of free volume for chain extension and crosslinking to occur 

throughout the reaction process. 
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Table 6-7 - kinetics parameters for formulation B4 

Conversion Ln [A] s-1 e-Ea/RT  Ea Kissinger kJmol-1 Average rate constant s-1 

0.1 27.79 1.28 e-12 99738 3.56E-11 

0.2 23.13 1.18 e-10 85410 2.73E-09 

0.3 20.47 1.41 e-9 77475 2.89E-08 

0.4 18.82 6.68 e-9 72571 1.26E-07 

0.5 17.65 2.01 e-8 69171 3.55E-07 

0.6 16.68 4.95 e-8 66449 8.26E-07 

0.7 15.79 1.12 e-7 64037 1.77E-06 

0.8 14.93 2.48 e-7 61813 3.70E-06 

0.9 13.98 5.91 e-7 59617 8.26E-06 

LN [A] = pre-exponential factor, e-Ea/Rt = exponential factor, Eact = activation energy 

 

 The rate constant graph shown in Fig 5.6 confirms that the system is not sensitive to temperature 

with increasing conversion. Further confirming that the reaction is still kinetically controlled as opposed to 

diffusion controlled. The onset of gelation for formulation B4 occurs at 150°C and max observed gelation 

occurs at 162°C (Chapter 7, Section 7.1), the gelation profile also indicates that the network formation 

occurs from discrete regions and eventually reaches a critical mass. Even though formulation B4 has the 

lowest gelation temperature, the increased amount of temperature at higher conversions facilitates 

further network formation. The increased amount of energy present due to the higher temperature at 

higher conversions, and the large free volume present due to the structure of amine 4 causes the activation 

energy to decrease through reaction. The peak exotherm for B4 173°C was slightly above the max observed 

gelation of 162°C. 
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Figure 6-6 - rate constant vs 1/T formulation B4 

6.1.5 Kinetic analysis of formulation B5 
Similar to B4, B5 also has a decreasing activation energy. The pre-exponential factor decreased 

with increasing conversion, which could be attributed to the long chain length of amine 5. Whereas the 

exponential factor e-Ea/RT increased with increasing conversion, which is expected as the temperature 

increase will give the reacting constituents more energy. Similar to B4, the rigidity of the central bridge in 

amine 5 and the long chain length of the epoxy (Chapter 5, Section 5.9), can cause entanglement within 

the system, hereby limiting the accessibility of the reactive sites to each other. Despite the limited mobility 

along the oxygen bridge in amine 5, the para substitution of the amine group with respect to the benzene 

ring tends to limit chain extension to a certain orientation. 

Table 6-8 - kinetics parameters for formulation B5 

Conversion Ln [A] s-1 e-Ea/RT  Ea Kissinger kJmol-1 Average rate constant s-1 

0.1 21.35 6.38 e-10 76563 1.36E-08 

0.2 16.31 7.35 e-8 61848 1.20E-06 

0.3 14.75 2.93 e-7 57837 4.32E-06 

0.4 14.00 6.23 e-7 55746 8.72E-06 

0.5 13.45 1.03 e-6 54458 1.39E-05 

0.6 12.99 1.55 e-6 53411 2.01E-05 

0.7 12.54 2.35 e-6 52393 2.95E-05 

0.8 11.97 3.9 e-6 51074 4.67E-05 

0.9 11.23 7.6 e-6 49376 8.53E-05 

LN [A] = pre-exponential factor, e-Ea/Rt = exponential factor, Eact = activation energy 
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 The large bulky methylene group on the central bridge of amine 5, can also sterically hinder the 

approach of epoxy groups towards the amine. This would imply that there is a large percentage of free 

volume in the system, but due to steric hindrance and the geometry of the reacting constituents the 

reaction stays kinetically controlled at higher conversions. 

 

Figure 6-7 - rate constant vs 1/T formulation B5 

 The onset of gelation for formulation B5 is 150°C and max observed gelation occurs at 

168°C(Chapter 7, Section 7.1), the variation in the rate constant graph indicates that formulation B4 is not 

sensitive to temperature at higher conversions. The viscosity profile indicates similar to formulation B4 the 

network formation occurs in discrete regions and starts to reach a critical mass. The peak exotherm for B5 

175°C was slightly above the max observed gelation of 168°C. 

6.1.6 Kinetic analysis of formulation B6 
For formulation B6 the activation energy decreases from low to high conversions, the pre-

exponential factor decreases which is expected from the highly branched non-symmetrical structure of 

amine 6, and the probability increases factor increases with increasing conversion as the system has more 

energy due to an increase in temperature. The overall rate of reaction increases as the reaction progresses 

as shown in Table 6.8. The rigid and non-symmetrical structure of amine 6(Chapter 5, Section 5.9), and the 

para substitution of the amine group with respect to the benzene ring, can limit chain extension in a certain 

direction. 

 

Table 6-9 - kinetics parameters for formulation B6 

Conversion Ln [A] s-1 e-Ea/RT  Ea Kissinger kJmol-1 Average rate constant s-1 
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0.1 24.47 3.22 e-11 88304 7.88E-10 

0.2 18.42 1.04 e-8 69063 1.92E-07 

0.3 16.12 8.62 e-8 62144 1.39E-06 

0.4 14.91 2.69 e-7 58525 4.01E-06 

0.5 14.04 5.94 e-7 56055 8.34E-06 

0.6 13.35 1.13 e-6 54078 1.51E-05 

0.7 12.68 2.08 e-6 52206 2.64E-05 

0.8 11.91 4.21 e-6 50027 5.01E-05 

0.9 10.73 1.22 e-5 46580 1.31E-04 

LN [A] = pre-exponential factor, e-Ea/Rt = exponential factor, Eact = activation energy 

  

 The highly branched structure along with the bulky methyl groups on amine 6, can cause 

entanglement within the system. The non-symmetrical structure also causes a large amount of free volume 

to be present in the system, as the chain extension is limited to the orientation of the reactive sites. The 

rate constant in Fig 6.8 implies that the reaction gets less sensitive to temperature at higher conversions. 

The peak exotherm for B6 173°C occurs slightly higher than the max observed gelation 165°C(Chapter 7, 

Section 7.1). 

  

Figure 6-8 - rate constant vs 1/T formulation B6 
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6.1.7 Kinetic analysis of formulation B7 
For formulation B7 the activation energy decreases with increasing conversion, the pre-

exponential factor decreases which is expected due to the long linear structure of amine 7 (similar to amine 

3)(Chapter 5, Section 5.9), while the probability factor increases with increasing temperature, which once 

again is expected with a temperature increase. The overall rate of the reaction increases from low to high 

conversion Table 6.9.  

Table 6-10 - kinetics parameters for formulation B7 

Conversion Ln [A] s-1 e-Ea/RT  Ea Kissinger kJmol-1 Average rate constant s-1 

0.1 20.62 1.28 e-9 76190 2.64E-08 

0.2 18.16 1.94 e-9 69004 3.52E-08 

0.3 16.71 2.62 e-9 64808 4.38E-08 

0.4 15.72 3.36 e-9 61961 5.28E-08 

0.5 14.91 4.21 e-9 59780 6.28E-08 

0.6 14.25 5.27 e-9 57949 7.51E-08 

0.7 13.55 6.74 e-9 56184 9.13E-08 

0.8 12.87 9.04 e-9 54491 1.16E-07 

0.9 12.02 1.39 e-8 52569 1.67E-07 

LN [A] = pre-exponential factor, e-Ea/Rt = exponential factor, Eact = activation energy 

 

 Owing to the long chain lengths of amine 7 and the epoxy, entanglement is expected within the 

system. Despite the mobility along the oxygen bridges on both amine 7 and the epoxy, a large amount of 

free volume is expected within the system. The only difference between amine 7 and amine 3 is the 

substitution position of the amino group (i.e., whether para and meta to the benzene ring) (Chapter 5, 

Section 5.9). During the initial stages of the reaction chain extension is predominant, but as seen with 

formulation B3 at higher conversions the reaction shifter from kinetically controlled to diffusion controlled, 

which implies the level of crosslinking increased at those higher conversions. For formulation B7 unlike 

formulation B3 the rate of reaction increased with increasing conversion, which implies that the during 

the reaction the reaction mechanism was predominantly chain extension. The presence of the meta-

substituted amine with respect to the benzene ring confers more free volume in the growing network and 

the orientation of the amine allows the growing chain to explore more space as the torsional bonds 

rotate(Chapter 7, Section 7.1). This results in the possibility to form more crosslinks, compared to its 

isomer which favoured chain extension. The rate constant graph shown in Fig 6.9 shows that the reaction 

is not temperature sensitive at higher conversions, which indicates that the reaction is still kinetically 

controlled rather than diffusion controlled. 
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Figure 6-9 - rate constant vs 1/T formulation B7 

 Having looked at the various amines and their reaction mechanisms, it is clearly evident that the 

monomer structure plays a big role in the reaction mechanism. By keeping the epoxy, the same throughout 

the study, a bigger focus was placed on the geometry of the curing agent being used. Reactivity is 

important for simple reactions, but for thermosetting polymers after the initial stages of conversion, 

sterics and geometry are more crucial. Where long chains, reactive groups, bulky side groups, and more 

importantly reactive site orientation play a bigger role. The peak exotherm for B7 174°C was slightly higher 

than the max observed gelation 166°C(Chapter 7, Section 7.1). 
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6.2 Fourier-Transform infrared spectroscopy 
 A simplified reaction mechanism, associated with the amine-cured epoxy polymerisation reaction, 

is shown in Fig. 5.10. In reality, the reaction is more complex than represented here, since it also 

incorporates the catalytic effect of the resulting tertiary amine, and hydroxyl groups, as well as the less 

reactive polyetherification reaction, which occur at higher temperatures and later in the reaction. The use 

of Fourier transform infrared (FTIR) spectroscopy was employed to monitor the changes in chemical 

structure accompanying the different stages of reaction.  

 

Figure 6-10 - reaction mechanism for an amine cured epoxy 

 The initial attack of the lone pair of electrons, associated with the primary amine (Scheme 1 a), 

occurs via the (least substituted) electrophilic carbon adjacent to the epoxide oxygen. This results in the 

formation of a negative charge on the oxygen and a positive charge on the nitrogen (Scheme 1 b), prior to 

proton transfer (Scheme 1 c) to form a secondary alcohol (Scheme 1 d). The attack of the lone pair of 

electrons on the secondary amine on another epoxy monomer (Scheme 1 e) has a higher activation energy. 

This second step, involving the co-reaction of another amine and epoxy group, yields a tertiary amine 

(Scheme 1 f), which can initiate further reaction at higher temperatures. The same reaction occurs on the 

other side of the diamine, which ties together the growing epoxy chains and leads ultimately to the 

formation of a crosslinked system (Scheme 1 g). Fourier-transform infrared spectroscopy was conducted 
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on the samples to offer chemical evidence to complement the DSC kinetics study undertaken in Section 

5.2. Thus, the scans were taken periodically every 30 mins during the curing cycle (30-180°C at 1°C min-1). 

Based on the mechanism shown in Fig. 6.10, the key chemical/structural assignments for the expected 

spectra are shown in Table 6.10. 

Table 6-11 - expected peaks and their associated characteristics 

Wavenumber cm-1 Symbol Description Proposed assignments 

810-950 νas Asymmetric stretching C-O-C epoxide (11 μm band)  

1000-1250 νs stretching C-O-C higher for aromatics 

1580-1650 νs Scissors deformation, 

bend 

-NH2 primary amine, -NH 

secondary amine 

3300-3450 νs Stretching -NH2 primary amine , -NH 

secondary amine 

3400-3600 νs Stretching  -OH intra-molecular 

  

 The proposed assignment of each identifiable peak in the formulations is shown in Table 6.10. The 

FTIR spectra for all the formulations are presented in two expanded sections: the first (700-2000 cm-

1),containing the epoxy ring breathing band and the pair of primary amine N-H stretching bands  and the 

other (3000-4000 cm-1) to identify the disappearance of the primary amine and the formation of the 

hydroxyl bands at higher temperatures. The OH band is usually quite narrow in a dilute solution where it 

has limited opportunity to form a hydrogen bond with another molecule, and the broadening of the OH 

bond indicates the formation of further OH groups. It's also important to note that this region of the 

spectrum is 'cleaner' as you are looking at pure vibrational frequencies. Below 1500 cm-1 you are in the 

'fingerprint region' where bands tend to couple and combine making single assignment difficult. Often it 

is used as a confirmatory measure to back up the spectral assignments made above 1500 cm-1. Hence, the 

characteristic ring breathing mode that represents the epoxy ring at 917 cm-1, is a relatively weak band 

and was generally difficult to observe in most of the formulations. Owing to the aromatic nature of the 

selected monomer and curing agents 
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6.2.1 Spectral analysis of formulation B1 
The FTIR scans for formulation B1 are shown in Fig 6.11 and Fig 6.12 respectively. 

 

Figure 6-11 - FTIR spectra (absorbance versus wavenumber) of B1 showing changes in epoxy and 
primary amine concentration during curing cycle (pure amine and epoxy shown for reference) 

 The epoxy peak at (represented by the ring breathing mode at 912 cm-1) is no longer visible after 

120 mins, while the primary amine peak at 1628 cm-1 (N-H bend) seems to disappear after 90 mins. The 

disappearance of the primary amine before the epoxy peak, is understandable as the system is epoxy rich. 

Given amine 1 has the fourth highest reactivity of the amines used in this study(Chapter 5, Section 5.9), 

mixing was conducted around 20°C below the onset of polymerisation (i.e., 125°C)(Chapter 3, Section 3.2) 

. Consequently, it is possible that the action of mixing and blending could have initiated the reaction even 

before curing, which could explain the low intensity of the epoxy and the primary amine peak. Given the 

aromatic nature of the epoxy and the monomer, and the conjugated spectra the secondary amine is very 

difficult to detect. The temperature at which the bands relating to the epoxy and primary amine species 

disappear are 150°C and 120°C respectively. Based on the viscosity profiles of formulation B1(Chapter 7, 

Section 7.1), the temperature at which the epoxy and primary amine disappear corresponds to the lowest 

viscosity range for this formulation. Amine 1 has the fourth highest reactivity of all the monomers, and a 

small rigid chain structure(Chapter 5, Section 5.9). As the reaction progresses through the curing cycle, the 

reduction in viscosity facilitates the ability of the reactive constituents to come in close proximity of one 
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another. Given the small structure of Amine 1, it is not sterically hindered and at this stage of the cure 

cycle there energy of the formulation is sufficiently greater than the activation energy to react effectively.  

 

Figure 6-12 - FTIR spectra (absorbance versus wavenumber) for B1 showing hydroxyl formation 
(pure amine and epoxy shown for reference) 

 This region of the spectrum (i.e., corresponding to higher wavenumbers/higher frequency 

vibrations) can be used to identify the amine and hydroxyl concentration (through the pure stretching 

frequencies), but due to the complexity of this system the individual amine stretching bands are difficult 

to identify unequivocally. The appearance of the broad spectral band after 120 mins also coincides with 

the disappearance of the epoxy peak at 120 mins, which implies that the amine concentration within the 

system has been depleted and etherification has started to occur. A slightly broader hydroxyl peak is visible 

at 150 mins, after which no considerable change is noticed through to the end of the curing cycle. This 

implies more OH groups being formed through the epoxy-amine reaction, leading to higher crosslinking 

and potential hydrogen bonding. As seen from the kinetics analysis (Chapter 6, Section 6.1.1), formulation 

B1 shifts from kinetically controlled to diffusion controlled as the conversion increases. The small compact 

structure of amine 1 allows the reaction to proceed readily and is not hindered by high levels of 

entanglement and steric effects. This promotes chain extension and crosslinking in the system to a higher 

degree, after which the ability of the remaining reactive constituents in the system are physically inhibited. 

Which could explain why there is no considerable change noticed in the hydroxyl peak after 150 mins. 
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6.2.2 Spectral analysis of formulation B2 
 The FTIR scans for formulation B2 are shown in Fig 5.13 and Fig 5.14 respectively. 

 

Figure 6-13 - FTIR spectra (absorbance versus wavenumber) for B2 showing changes in epoxy and 
primary amine concentration during curing cycle (pure amine and epoxy shown for reference) 

 The weak band at 908 cm-1 (representing the epoxide ring) is quite difficult to detect during the 

curing cycle but seems to disappear at 120 mins, whereas the N-H bend of the primary amine at 1628 cm-

1 seems to disappear at 90 mins during the curing cycle. Amine 2 has the highest reactivity of all the amines 

in this study (Chapter 5, Section 5.9), in common withs formulation B1, the primary amine disappears 

before the epoxy peak. The mixing and blending were carried out 20 °C below the onset of polymerisation 

temperature of 120°C(Chapter 3, Section 3.2), but once again the action of mixing and blending at such a 

high temperature could have initiated the reaction during the blending phase. The latter could explain the 

low intensity of the epoxy and primary amine peak. The epoxy and primary amine peaks disappear at 150°C 

and 120°C respectively, which similar to formulation B1 is where formulation B2 has the lowest viscosity 

profile(Chapter 7, Section 7.1). Given that amine 2 has the highest reactivity of all the amines in this study, 

and a similar compact chain structure to amine 1, with the only difference being the methyl groups in the 

ortho position on the benzene ring to the amine group(Chapter 5, Section 5.8). Compared to amine 1, 

amine 2 has induced steric effects relating to the ortho positioning of the methyl to the amine, which can 

sterically hinder the amine reactive site and limit their ability to approach and attack the epoxy.  
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Figure 6-14 - FTIR spectra (absorbance versus wavenumber) for B2 showing hydroxyl formation (pure 
amine and epoxy shown for reference) 

 The high wavenumber region helps to explain the reaction process more clearly specifically for this 

formulation, at 120 mins a large broad peak formation is observed. This is broader and more intense that 

the hydroxyl peak in formulation B1 and can be attributed to the greater range of polymeric hydroxyl 

environments present in the network. This implies more OH groups are forming compared to in B1, this 

could be explained due to the high reactivity of amine 2(Chapter 5, Section 5.9), the reaction would 

progress at a faster rate compared to formulation B1, which would mean more crosslinking is occurring in 

the system. The kinetics analysis presented in (Chapter 6, Section 6.1.2), shows that the reaction shifts 

from kinetically controlled to diffusion controlled with increasing conversion, the branched structure of 

amine 2(Chapter 5, Section 5.9), allows for chain extension and crosslinking to occur, but also facilitates 

the presence of more free volume in the system than a more densely crosslinked structure. Which could 

explain why a broader OH band is noticed at 240 and 270 mins, as the epoxides are still able to get 

autocatalyzed by the tertiary amines in the system. 
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6.2.3 Spectral analysis of formulation B3 
 The FTIR scans for formulation B2 are shown in Fig 5.15 and Fig 5.16 respectively. 

 

Figure 6-15 - changes in epoxy and primary amine concentration during curing cycle for B3 (pure 
amine and epoxy shown for reference) 

 The epoxy peak is very difficult to detect in this system, due to the highly aromatic nature of amine 

3 and the epoxy. However, it appears that a small amount of epoxy is still present in the system during the 

later stages of reaction. The primary amine peak on the other hand disappears at 60 mins, which 

corresponds to a temperature of 90°C respectively. Amine 3 has the lowest reactivity of all the monomers, 

and it has a long linear and highly aromatic structure(Chapter 5, Section 5.9). The mixing and blending was 

done at 20°C below the onset of polymerisation temperature of 115°C(Chapter 3, Section 3.2), given the 

low reactivity of amine 3 and the long linear chain structure of both monomer and epoxy, this could explain 

the presence of the epoxy group at higher conversions. From its viscosity profile during this temperature 

the formulation is at its lowest viscosity(Chapter 7, Section 7.1).  m ne 3’s long l nea  st uctu e along with 

the long linear structure of the epoxy, can cause entanglements during the reaction process. The highly 

aromatic nature of amine 3 and the epoxy could also give rise to pi-stacking within the system, further 

inhibiting the ability of the reactive sites from being in close proximity. The high viscosity of formulation 

B3 at the start of the reaction can further limit the mobility of the amine and epoxy chains within the 

system. 

250500750100012501500175020002250

250500750100012501500175020002250

 

Wavenumber / cm-1

 0

  30

  60 Epoxy 917 cm-1Primary amine 1628 cm-1

  90

  120

  150

  180

  210

  240

  270

  Epoxy

 
  Amine



Chapter 6 – Thermal & Chemical Characterisation  Jibran Sajjad Yousafzai 

124 
 

 

Figure 6-16 - hydroxyl formation for B3 (pure amine and epoxy shown for reference) 

 The high wavenumber region shows that there is some hydroxyl formation at 90 mins, followed 

by a further increase in the hydroxyl peak at 240 mins. These times correspond to 120°C and 180°C 

respectively. The kinetics analysis conducted in (Chapter 6, Section 6.1.3), shows that the reaction stays 

kinetically controlled for a longer period throughout the reaction process, and the shift to a diffusion-

controlled state begins at extremely high conversions. Given the meta position of the amine reactive 

group(Chapter 5, Section 5.9), and the slight mobility allowed at the ether bridge in the chain, there is a 

relatively large amount of free volume present in the system. The system is pre-dominantly governed by 

chain extension throughout the reaction process, which would explain the change in the hydroxyl peak 

around 240 mins. As the primary amine is depleted in the system, the excess epoxy can be autocatalyzed 

by the tertiary amines present in the system. The low viscosity and kinetically controlled mechanism, 

allows the movement of the epoxides in the medium, and not physically inhibiting etherification from 

occurring. Compared to formulation B2 the hydroxyl peaks are less prominent, this could be attributed to 

the difference in reactivity, meaning it takes longer and higher temperatures for the initiation of the 

reaction in formulation B3. Whereas, compared to formulation B1, the hydroxyl peak intensities seemed 

to be similar, which is probably due to the steric effects present in both systems. 
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6.2.4 Spectral analysis of formulation B4 
 The FTIR scans for formulation B4 are shown in Fig 5.17 and Fig 5.18 respectively. 

 

Figure 6-17 - changes in epoxy and primary amine concentration during curing cycle for B4 (pure 
amine and epoxy shown for reference) 

 The epoxy peak is difficult to detect in this system, similar to the primary amine peak which even 

seems to be low in the individual amine scan. Which suggests that the amine could have dissociated due 

to exposure to light or varying temperature during storage. The blending was done 20°C below the onset 

of polymerisation temperature of 120°C(Chapter 3, Section 3.2), amine 4 is the third least reactive of the 

monomers(Chapter 5, Section 5.9), its viscosity is also the third highest at the beginning of the curing 

cycle(Chapter 7, Section 7.1). But having said this, its viscosity is still considerably lower than formulations 

B3 and B7, which could explain the disappearance of the epoxy and primary amine peak. The long linear 

chain structure of amine 4(Chapter 5, Section 5.9), could also have an effect on the progression of the 

reaction mechanism. Where, due to the rigidity of the central bridge, and the limited mobility at the 

oxygen bridge in the chain, chain extension is limited to the orientation of the reactive site. Despite the 

possibility of entanglements and π-π stacking (between adjacent aromatic rings), in this case the low 

viscosity was pre-dominant in during the reaction mechanism. As the linear structure of the amine 4 

molecule allowed  t to be mob le  n the  eact on med um (behav ng as a ‘  g d  od’), even though 

intermolecular forces were affecting the reaction process.  
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Figure 6-18 - hydroxyl formation during curing cycle for B4 (pure amine and epoxy shown for 
reference) 

 The high wavenumber region once again gives more insight into the reaction mechanism, as the 

lower wavenumber region is complicated by combination bands in the fingerprint region. At 60 mins there 

is a broad peak formation indicating that hydroxyl formation is taking place, this occurs at a temperature 

of 90°C. The kinetics analysis conducted in (Chapter 6, Section 6.1.4), shows that the reaction stays largely 

kinetically controlled throughout the curing process. This indicates that due to the long linear rigid 

structure of amine 4(Chapter 5, Section 5.9), there is a high amount of free volume present in the system, 

in conjunction with its low viscosity compared to formulation B3 it allows for the movement of molecular 

chains freely within the system. This is shown by the development of the hydroxyl peak through the curing 

cycle. Where polyetherification is facilitated as the remaining epoxide groups in the system, are not 

sterically hindered or physically limited from being catalysed by the tertiary amine. Compared to 

formulation B3, which has a similar long linear structure(Chapter 5, Section 5.9), the hydroxyl peak 

indicates that the free volume in formulation B4 is greater than formulation B3, as well as the 

entanglement between the monomers and the epoxy. 
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6.2.5 Spectral analysis of formulation B5 
 The FTIR scans for formulation B5 are shown in Fig 5.19 and Fig 5.20 respectively. 

 

Figure 6-19 - change in epoxy and primary amine concentration during curing cycle for B5 (pure 
amine and epoxy shown for reference) 

 The epoxy peak is very difficult to detect in this formulation, as well as the primary amine peak 

which seems to be pretty weak. This is similar to formulation B4 there is still a small change where the 

primary peak is expected to appear at 150 mins, which corresponds to a temperature of 180°C meaning 

that there is still a certain concentration of primary amine in the system. The blending was done 20°C 

below the onset of polymerisation temperature of 100°C(Chapter 3, Section 3.2). Amine 5 has the third 

highest reactivity of the amines(Chapter 5, Section 5.9) and the third lowest viscosity of the 

formulations(Chapter 7, Section 7.1); this could explain the disappearance of the epoxy and primary amine 

peaks. Given the high reactivity and low viscosity it is possible the reaction mechanism was initiated during 

the mixing and blending phase. Similar to formulation B4, B5 has a long linear chain, with the only 

difference being the large methylene central bridge, which is a relatively bulky group and can sterically 

hinder the monomer. Owing to the central methylene bridge in amine 5, the possibility of entanglements 

is increased and can physically limit the reactive constituents from being in proximity with each other for 

the reaction to occur.  
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Figure 6-20 - hydroxyl formation during curing cycle for B5 (pure amine and epoxy shown for 
reference) 

The hydroxyl formation starts to occur at 180 mins into the curing cycle, which corresponds to a 

temperature of 180°C. The broad and multimodal peak formation indicates that a significant degree of 

crosslinking has occurred, producing multiple types of hydrogen bonding sites. The kinetic analysis 

conducted in (Chapter 6, Section 6.1.5), shows that the reaction stays kinetically controlled for a large 

portion of the curing process until the later stages of reaction. The delay in the appearance of the hydroxyl 

bands in formulation B5 compared to B4, indicates that there is a large amount of chain movement and 

molecular freedom present in the system. Despite having the third highest reactivity(Chapter 5, Section 

5.9) and third lowest viscosity(Chapter 7, Section 7.1), the progression of the reaction mechanism is slower 

compared to formulation B4. Meaning, that due to high intermolecular forces and entanglements within 

the system, the reactive constituents were sterically and physically hindered from reacting with each 

other. Which would explain the late development of the hydroxyl peak during the curing cycle, where once 

the amine concentration has been diminished, then finally any residual etherification can occur as the 

remaining epoxides are autocatalyzed by tertiary amines in the system. 
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6.2.6 Spectral analysis of formulation B6 
 The FTIR scans for formulation B6 are shown in Fig 5.21 and Fig 5.22 respectively. 

 

Figure 6-21 - change in epoxy and primary amine concentration during curing cycle for B6 (pure 
amine and epoxy shown for reference) 

 The epoxy peak is difficult to detect but seems to be present throughout the curing cycle, and the 

primary amine peak once again is difficult to detect, but seems to disappear at 60 mins which corresponds 

to a temperature of 90°C. The blending was done 20°C below the onset of polymerisation temperature of 

130°C(Chapter 3, Section 3.2). Amine 6 has the second highest reactivity of all the monomers(Chapter 5, 

Section 5.9), which could explain the low intensity of the epoxy and primary amine peak during the curing 

cycle. Formulation B6 has the fourth lowest viscosity out of all the formulations(Chapter 7, Section 7.1), 

which indicates that the reaction was initiated during the mixing and blending process. The molecular 

structure of amine 6 is quite unlike the other monomers, as it has an asymmetrical central axis. The kinetics 

analysis conducted in (Chapter 6, Section 6.1.6), showed that formulation B6 stayed kinetically controlled 

at higher conversions and temperatures. Compared to formulation B2, which is higher in reactivity and 

closer in structure, formulation B6 indicates there is a higher amount of free volume present in the system, 

which facilitates the reaction to progress.  
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Figure 6-22 - hydroxyl formation during curing cycle for B6 (pure amine and epoxy shown for 
reference) 

 The growth of the hydroxyl bands are clearly discernible at 90 mins into the curing cycle, which 

corresponds to a temperature of 120°C.  Compared to formulations B2 which has the most reactive 

amine(Chapter 5, Section 5.9), the hydroxyl peak appears sooner in this formulation, despite it being only 

the second most reactive and having the fourth highest viscosity(Chapter 7, Section 7.1). The shape of the 

monomer could be responsible for this behaviour, as the orientation of the reactive sites are diametrically 

opposed, offering less steric hindrance to incoming epoxy molecules, and facilitating a more open, linear 

network growth. Despite its branched structure(Chapter 5, Section 5.9), unlike amine 2, the reactive sites 

on amine 6 are not sterically hindered by comparatively bulky methyl groups (which can physically limit 

the reactive constituents from being in close proximity with each other). The larger amount of free volume 

in the growing network and non-symmetrical nature of amine 6, allow crosslinking to occur easily as the 

epox de’s g oups a e not h nde ed. 
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6.2.7 Spectral analysis of formulation B7 
 The FTIR scans for formulation B7 are shown in Fig 5.23 and Fig 5.24 respectively. 

 

Figure 6-23 - change in epoxy and primary amine concentration during curing cycle for B7 (pure 
amine and epoxy shown for reference) 

 The epoxy and amine is very difficult to detect in this formulation, whereas the primary peak 

despite being difficult to detect, seems to disappear at 90 mins into the curing cycle, which corresponds 

to a temperature of 120°C. The blending was conducted 20°C below the onset of polymerisation 

temperature of 120°C(Chapter 3, Section 3.2). The kinetics analysis conducted in (Chapter 6, Section 6.1.7), 

shows that the reaction stays kinetically controlled throughout the curing process. Amine 7 has the second 

lowest reactivity(Chapter 5, Section 5.9) and the second highest viscosity(Chapter 7, Section 7.1). Similar 

to formulation B3, B7 can exhibit a high level on entanglement in the system, along with 𝜋-π stacking due 

to its highly aromatic nature, which would explain the relatively high viscosity.   
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Figure 6-24 - hydroxyl formation during curing cycle for B7 (pure amine and epoxy shown for 
reference) 

 The hydroxyl peak appears at 120 mins into the curing cycle, which corresponds to a temperature 

of 150°C. Compared to formulation B3, the hydroxyl peak is more prominent and progressively develops 

through the curing cycle. Based solely on a consideration of the positioning of the reactive amine group 

on both monomers(Chapter 5, Section 5.9), formulation B7 appears to have a less densely crosslinked 

system than B3, which is confirmed by the DSC data showing a higher heat of reaction for formulation B3 

than for B7(Chapter 6, Section 6.1). This is consistent with the hypothesis that the meta-substituted amine 

group (relative to the benzene ring) linkage on Amine 3, facilitates crosslinking over chain extension, 

whereas the para-substituted amine (relative to the benzene ring) on amine 7, facilitates chain extension 

followed by crosslinking at a later stage. This indicates that due to the higher level of crosslinking in 

formulation B3, the remaining epoxides are physically limited from being autocatalyzed by tertiary amines. 

Whereas, in formulation B7 the para linkage facilitated chain extension over early-stage crosslinking, 

which in turn allowed for a larger free volume in the system. This free volume allowed a higher amount of 

remaining epoxide groups to get autocatalyzed, since they were not physically or sterically hindered like 

in formulation B3. 
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6.3 Discussion 
 Based on the DSC and FTIR analysis the network architecture of each formulation could be 

described to a certain degree. The variation in molecular structure of the amines, would have induced 

reactivity, steric, and intermolecular effects. Starting with the two smallest amines, 1 and 2, they both 

have two aromatic rings, with the reactive amine in the para position to the central bridge (Chapter 5, 

Section 5.9). Amine 1 has a sulfonyl central bridge and Amine 2 has a -CH2 central bridge. Furthermore, 

Amine 2 also has methyl groups in the ortho position on the benzene ring to the amine. Owing to the 

higher electronegativity of the sulfonyl bridge in Amine 1, Amine 2 has a higher reactivity and Amine 1 has 

the fourth highest reactivity (Chapter 5, Section 5.9). The thermal characterisation showed formulation B1 

exhibited the highest max gelation 213°C (Chapter 7, Section 7.1), compared to B2 which had a lower max 

gelation at 184°C (Chapter 7, Section 7.1). This could be attributed to the higher reactivity of Amine 2 

(Chapter 5, Section 5.9), which would promote the reaction between the reactive species. The broader 

formation of the OH band in the FTIR analysis confirms this, for B1 the variation in OH increases up to 150-

180°C after which it stays consistent. Whereas, in B2 2the hydroxyl band gets broader after 120°C and then 

slowly continues to become broader through to the end of the curing cycle. This would imply that B2 has 

a larger amount of free volume (Chapter 7, Section 7.3) present in the network than B1. The gelation 

profiles (Chapter 7, Section 7.1) indicate that B1 and B2 form networks in discrete regions throughout the 

formulation, which eventually reaches a critical mass and causes the viscosity to increase rapidly. The 

slightly faster rate of gelation in B2 than B1 could be attributed to the reactivity of Amine 2, despite the 

steric effect of the Methyl side chains in the ortho position to the reactive amine. This would create a 

highly branched structure in B2 compared to B1, which implies a higher amount of free volume is present 

in B2. This can be confirmed by Storage Modulus Tg (Chapter 7, Section 7.3) as B2 has the lowest Tg 102 °C 

and B1 has the second highest Tg 117°C. The lower the Tg the higher the amount of free volume present in 

the system. Amine 6 consisted of a non-symmetrical shape with three aromatic rings, and the reactive 

amine group being in the para position on the benzene ring. Amine 6 has the second highest reactivity of 

the amines, as it has few electronegative groups (Chapter 5, Section 5.9). The gelation temperature for B6 

was found to be 165°C (Chapter 7, Section 7.1), which could be attributed to the high reactivity of Amine 

6. The gelation profile indicates that network formation is predominantly chain extension followed by 

crosslinking and occurs at a slower rate than B1 and B2. Owing to the non-symmetrical nature of Amine 6, 

the chain extension is limited to a certain orientation, but unlike Amine 2, the reactive amine site in Amine 

6 is not sterically hindered by side chains and is free to attack epoxy species. The hydroxyl band in FTIR 

analysis indicated that after 120°C there was no change in the OH formation. The gelation profile for B6 

progresses at a slower rate than B1 and B2, which implies chain extension is more predominant than in B1 

and B2. Owing to the non-symmetrical nature of Amine 6, through the network formation process a high 

amount of free volume (Chapter 7, Section 7.3) is expected in the system. The storage modulus Tg for B6 
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was found to be 109°C which is slightly higher than for B2 102°C, meaning B6 has a lower amount of free 

volume compared to B2 (Chapter 7, Section 7.3). Amines 3,4,5,and 7 all have four aromatic rings, with 

varying bridging groups and side chains (Chapter 5, Section 5.9). Amine 4 and 5 have gelation temperatures 

of 162°C and 168°C, their gelation profiles indicate chain extension to be predominant during the curing 

process (Chapter 7, Section 7.1). Amine 4 and 5 also have the fifth and third highest reactivities (Chapter 

5, Section 5.9) respectively, the hydroxyl band in B4 increases at 120°C and then stays consistent through 

the curing cycle, whereas the hydroxyl band in B5 only changes at 180°C and then stays consistent till the 

end. Since both B4 and B5 have a close rate of gelation, the difference in the time of max gelation could 

be attributed to the central methylene bridge in Amine 5 (Chapter 5, Section 5.9). This would cause a 

higher level of entanglement and a steric influence on the network formation, even though Amine 5 is 

higher in reactivity (Chapter 5, Section 5.9) than Amine 4. This would also explain the late formation of the 

hydroxyl band in the FTIR spectra, where the steric effect induced by the central methylene bridge would 

require more energy for the reacting species to interact at higher conversions. The storage modulus Tg 

indicated B5 114 °C had a higher amount of free volume compared to B4 115°C (Chapter 7, Section 7.3), 

the small difference in Tg and the gelation temperature indicates the central methylene bridge is the 

governing factor. Finally, Amine 3 and Amine 7 have max gelation temperatures of 191°C and 166°C 

respectively (Chapter 7, Section 7.1), they also exhibit the lowest and second lowest reactivities out of all 

the amines. Both B3 and B7 exhibit a slower rate of gelation than all the other formulations, indicating a 

higher level of chain extension than crosslinking. The hydroxyl band in B3 increases around 120°C and then 

stays consistent through the cycle, however, B7 sees a big change at around 150°C and stays consistent till 

another small increase in the hydroxyl band 270 minutes into the curing cycle. The meta linkage of the 

amine group to the benzene ring in Amine 3, could cause more entanglements compared to Amine 7 which 

could delay the onset of gelation and require more energy at higher temperatures. The storage modulus 

Tg shows a higher free volume present in B3 115°C compared to B7 128°C. This could be attributed to the 

meta linkage of the amine to the benzene ring in Amine 3, where chain extension and crosslinking can 

occur in multiple directions, which would facilitate a higher free volume to be present in B3 than in B7. 

Furthermore, the para linkage of the amine on the benzene ring in amine 7, would allow for tighter packing 

in B7, which would consequently reduce the free volume in the system. 

6.4 Summary 
 This chapter looked at the DSC and FTIR analysis of the formulations during cure, the reaction 

mechanism was analysed using first order kinetics. This was related to the variation of the concentrations 

by using FTIR analysis. The mechanism of reaction was also related to the rate of gelation and the max 

observed gelation temperature, and this was related to the structure of the amines. The next chapter will 

discuss the rheology and mechanical properties of the formulations by using DMTA. 
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7.1 Rheological analysis 
 Dynamic rheology was also conducted on all seven uncured formulations, from (30-250°C) at 1°C 

min-1 to understand their viscosity and gelation properties. The complex viscosity at increasing 

temperature for all formulations is shown in Fig 7.1. As the temperature increases the viscosity of the 

uncured systems, first reduces to a minimum value, and then starts increasing. Eventually reaching their 

gel point where molecular crosslinks have increased to a stage where the resins become gel like [221], at 

this point viscosity reaches infinity as the systems are partially cured.  

 

Figure 7-1 - complex viscosity vs temperature for all formulations 

At lower temperatures below 75°C it can be seen B3 and B7 have the highest viscosities, followed by B4 

and then the rest of the formulations.  At lower temperatures the viscosity of the system is determined by 

intermolecular interactions, these can include van der Waals (weakest), permanent dipole-dipole 

interactions (intermediate), and hydrogen bonding (strongest)[222]. For the systems in this study, the 

most prominent intermolecular interactions would be permanent dipole-dipole interactions and hydrogen 

bonding. Steric hindrance and curing agent structure also play an important part in the viscosity of a 

system, larger molecules having a bigger surface area and having more contact with their surroundings, 
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thereby increasing the viscosity of the system. Structures with large, branched chains or large groups, can 

sterically inhibit the formation of these intermolecular bonds [222].  

 

Figure 7-2 - complex viscosity between 50°C-100°C 

 By looking at the viscosities at around 50°C formulation B3 has the highest viscosity followed by 

B7, both have a similar structure with the only difference being the meta- and para- substitution of the 

amino groups relative to the benzene ring. The high viscosities could be attributed to the hydrogen 

bonding that occurs within the system [223]; the N-H bond can exhibit hydrogen bonding with other N-H 

groups in the system and hydroxyl groups arising from ring opened epoxy rings following blending. Owing 

to the comparatively long chain length of the diamine(Chapter 5, Section 5.9) the N-H groups are not 

sterically hindered by any other groups. The formulations also exhibit some polarity which, along with the 

polar nature of the epoxy chain, can cause high dipole-dipole interactions within the system, which will 

further increase the viscosity of the system [223]. Owing to the aromaticity of the systems, they could also 

experience π-π stacking, which is the interaction between the benzene rings. The slightly higher viscosity 

of B3 could be attributed to the meta-disubstituted aromatic ring, as the rotation of the single bonds 

between the aromatic rings leads to a wider radius of gyration (exploring a wider range of space) [224]. 

This leads as structurally it can cause more entanglement within the chains, especially when combined 

with the epoxy chain present in the system. B4 has the third highest viscosity at this temperature, but it is 

much lower than B3 and B7. This is probably due to the linear structure of B4(Chapter 5, Section 5.9), 

which would limit the entanglement with other chains in the system, it will also exhibit hydrogen bonding 
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as they are not sterically hindered. There will also be π-π stacking due to the presence of four phenyl rings 

[225], the polarity of this formulation is lower, but there are still dipole-dipole interactions present, but 

much less than B3 and B7, this is confirmed by the difference in the viscosity between them. Formulations 

B6 and B5 have are quite close in viscosity but are lower than B4. Once again hydrogen bonding from the 

N-H groups will be present in both systems but will be sterically hindered by the large methyl groups 

present on B6 and B5. The highly branched structure of B6 compared to B5(Chapter 5, Section 5.9), will 

cause more entanglements between monomers and the epoxy chain. B5 should exhibit lower π-π stacking 

due to presence of the methyl groups on the central bridge, inhibiting the close packing of the diamines. 

B1 and B2 have the lowest viscosities of the formulations, B1 has the smallest monomer structure from all 

the systems(Chapter 5, Section 5.9), this will allow free movement in the system with limited entanglement 

between chains. Hydrogen bonding will still occur but, owing to the small compact  structure, the effect is 

greatly reduced. Dipole-dipole interactions still occur but are much lower than previous formulations. B2 

similar in size to B1, has a very branched structure, with methyl group substituents(Chapter 5, Section 5.9). 

This would sterically hinder the availability of the N-H group to form hydrogen bonds with other N-H 

groups, as they would be physically limited by the methyl groups. The dipole-dipole interactions would be 

much lower, as the ability of those polar groups getting close to each other would be limited by the 

branched structure. 

 

Figure 7-3 - complex viscosity between 125°C-150°C 
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 The viscosities of all the formulations reach a minimum range of viscosity between 125°C-150°C, 

which implies there is only a 25°C processability window for all the systems. Moving on to the higher 

temperatures and the gel points of the selected formulations, it can be seen from Fig 7.4 that the gel points 

vary, as well as their onset and mode of gelation differ slightly as well between systems.  

 

Figure 7-4 - complex viscosity between 150°C-250°C 

7.2 Discussion 
Formulations B7, B4, B6 and B5 are the first to gel, given the long chain lengths of B7, B4 and B5 

(Chapter 5, Section 5.9) this is expected as at higher temperatures the chain extended and crosslinked 

systems will reach a critical mass which implies gelation has started. Whereas, further along B3 and B2 

have slightly higher gelation temperatures, for B2 this can be explained due to its small chain 

length(Chapter 5, Section 5.9), it has more mobility at higher temperatures. B3 on the other hand is similar 

in chain length to B7, B4 and B5(Chapter 5, Section 5.9), this difference could be attributed to the meta-

linkage on the phenyl ring where, owing to the increased temperature and the mobility of the structure 

along the oxygen bridge, chain extension can occur in many orientations which delays the gelation 

compared to the other long chained monomers. Finally, B1 has the highest gelation temperature this could 

be due to it being the smallest monomer out of the selection(Chapter 5, Section 5.9), compared to B2 it 

has no substituents on the phenyl rings. Meaning it has increased mobility at higher temperatures and 

limited steric effects, which delays its gelation temperature to a higher temperature. The effect on gelation 

is not limited to just sterics, reactivity also plays an important role in rate and time of gelation. Despite B3 
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having the lowest reactivity of all formulations(Chapter 5, Section 5.9), it has the second highest max 

observed point of gelation. Formulation B7 which has a close structure to B3 and has the second lowest 

reactivity(Chapter 5, Section 5.9), exhibits the third lowest max observed point of gelation. For these two 

systems sterics seems to play a more important role during the polymerisation process, as the meta-

linkage of the amine on the benzene ring in B3 facilitates more free volume to be present. Formulations 

B4, B5, and B6 have the 5th, 3rd, and 2nd highest reactivities of all the systems(Chapter 5, Section 5.9), but 

B4 has the lowest max observed point of gelation, which could possibly be attributed to the low reactivity 

coupled with chain entanglement and intermolecular forces. B5 exhibited the 4th highest max observed 

point of gelation, this could be attributed to the large methylene central bridge in amine 5(Chapter 5, 

Section 5.9). B6 had the second lowest observed point of gelation, this could be attributed to its high 

reactivity and its molecular structure(Chapter 5, Section 5.9). Formulation B2 has the highest reactivity but 

owing to the presence of the methyl groups on the benzene ring in the meta position(Chapter 5, Section 

5.9), access to the reactive amine group is sterically hindered. Formulation B1 has the highest max 

observed point of gelation, even though it only exhibits the 4th highest reactivity of the amines but given 

the small molecular structure of amine 1(Chapter 5, Section 5.9) there are less entanglements and steric 

influences during the polymerisation process. The rate of gelation also tells us a great deal about the 

mechanisms within the systems. Formulations B3 and B7 have the slowest rate of gelation with a gradual 

increase over a range of temperature, which implies the network growth is predominantly chain extension 

followed by crosslinking . Formulations B4, B5 and B6 exhibit a slightly faster rate of gelation, meaning 

chain extension is still dominant in network growth, but crosslinking is occurring slightly faster. 

Formulations B2 and B1 have a very sharp increase in gelation, meaning the network is growing spinodally 

from many discrete regions, eventually percolating and growing to form a critical mass, which leads to a 

rapid change in the viscosity of the growing network at gel point [226].  
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7.3 Dynamic mechanical thermal analysis 
 Dynamic mechanical thermal analysis (DMTA) was conducted on all seven cured formulations, 

three identical samples were created for each system. A strain sweep was run on the first set of samples, 

from 1-300 microns with a frequency of 1Hz to identify the linear region.  

 

Figure 7-5 - strain sweep for formulation B1 identifying linear region 

 In order to use DMTA to accurately determine mechanical properties and develop morphological 
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the defo mat on and the mate  al’s molecula  st uctu e  ema ns  ntact [227]. This is important to 
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identified from the strain sweeps, a temperature ramp was conducted on the second set of samples from 

30°C-160°C at 5°C min-1. Once the limit of the region was confirmed, the temperature scans could be 

conducted within that range. Fig 6.6 shows the strain sweep for B1.  
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Figure 7-6 - temperature sweep at a chosen amplitude for formulation B1 

 The temperature sweep for B1 is shown in Fig 7.6, the glass transition temperature was 

determined from the loss and storage moduli. The Tg for the storage modulus was calculated by taking a 

gradient from the plateau and another from the midpoint of the curve and taking the point where they 

intersect. Whereas the loss modulus Tg was calculated by taking the peak of the loss modulus thermogram. 

By looking at the peak of the loss modulus curve, and the onset of the storage modulus respectively. DMTA 

provides a higher sensitivity to the glass transition than DSC, because it directly measures the change in 

mechanical and viscoelastic properties as a function of temperature [227]. As the glass transition from 

DMTA is based on mechanical properties, it is particularly useful for characterising materials for their end 

use properties.  
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The general behaviour of polymers can be defined by five stages: 

1) Glassy region – in this region cooperative motion along the molecular chain is frozen, which causes 

the material to exhibit an elastic solid like properties. 

2) Leathery region – in this region the modulus drops sharply, which highlights the increase in 

molecular motion as the temperature rises above the Tg 

3) Rubbery state – in this region the modulus decreases further, as the material has shifted from a 

solid response to a more viscous response 

4) Rubbery flow – in this region the modulus decreases further 

5) Viscous state – in this region the material exhibits viscous properties [228] 

 

Table 7-1 - storage & loss modulus Tg 

Formulation B2 B6 B5 B3 B4 B1 B7 

Storage modulus Tg 102 109 114 115 115 117 128 

Formulation B2 B1 B5 B6 B7 B3 B4 

Loss modulus Tg 103 104 104 116 117 118 119 

 

 The variation in the storage and loss modulus between formulations are shown in Fig 6.7 and Fig 

6.8 respectively. The storage moduli shown in Fig 6.7 show varying transitions in each formulation, the 

storage modulus also known as the dynamic modulus is often interpreted as the stiffness of the material. 

As the temperature increases there is a decrease in the storage modulus, followed by a sharp decline in 

the storage modulus. The variation in the storage modulus is down to the structure of the formed network. 

As the material loses the ability to store energy, due to the elastic limit of the formed crosslinks the storage 

modulus reaches a minimum and becomes independent of temperature. This is known as the rubbery 

plateau; in this region the storage modulus is a function of crosslink density of the polymer. The Tg obtained 

from storage modulus can indicate the level of free volume present in the formed networks of each 

system. The loss modulus is a measure of the energy dissipated through heat during deformation, also 

known as the viscous response of the material. The Tg temperatures obtained from the loss moduli, can 

be related to the crosslinking density of the material. As the sample expands due to increasing 

temperature, the material is able to dissipate energy through frictional interactions. Those frictional forces 

eventually reach a maximum value, followed by a rapid decline as the polymer chains move further apart. 

For crosslinked systems when the network reaches its maximum allowable extension, the frictional energy 

loss drops to near zero.  

 



Chapter 7 – Cured & Uncured Deformation Analysis Jibran Sajjad Yousafzai 

144 
 

Fig 7.7 shows the storage modulus for all the formulations. 

 

Figure 7-7 - Storage moduli for all the cured formulations 

Fig 7.8 shows the loss modulus for all the formulations. 

 

Figure 7-8 - Loss moduli for all the cured formulations 
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7.4 Discussion 

7.4.1 Storage modulus 
Formulation B2 containing amine 2 exhibited the lowest Tg(Chapter 7, Section 7.3), despite its 

small chain length the addition of methyl side chains would sterically hinder chain extension and formation 

of crosslinks(Chapter 5, Section 5.9). Furthermore, the highly branched structure would promote free 

volume(Chapter 6, Section 6.2.2) present in the formed network. B6 containing amine 6 due to its non-

symmetrical nature and cranked chain(Chapter 5, Section 5.9), would undergo more entanglement than 

amine 2, which would in turn reduce the level of free volume(Chapter 6, Section 6.2.6) in the system 

allowing for betting packing. Formulation B5 containing amine 5 due to the large central bridge(Chapter 

5, Section 5.9), would increase the free volume in the system, but the long chain structure of amine 5 

would allow for better entanglement which would limit the effect of free volume compared to B6 and 

B2(Chapter 6, Section 6.2.2). B3 containing amine 3 has a similar chain length to amine 5 but allows for 

better stacking and entanglement due to the presence of the meta linkage(Chapter 5, Section 5.9) of the 

amine on the benzene ring.  This would reduce the amount of free volume(Chapter 6, Section 6.2.3) 

present in the system compared to B5. Formulation B4 containing amine 4, due to its linearity in its 

minimised energy state(Chapter 5, Section 5.9), would exhibit a better stacking and sequence as the chains 

would be able to get closer as there are no side chains or a central bridge. This would in turn reduce the 

free volume(Chapter 6, Section 6.2.4) in the system compared to B5. Formulation B1 containing amine 1  

has a small compact structure with no additional side chains present(Chapter 5, Section 5.9), this would 

allow for tighter packing and crosslinking between amine 1 and the epoxy, which would further reduce the 

free volume(Chapter 6, Section 6.2.1) compared to the previous formulations. Finally, B7 containing amine 

7, has a similar structure to amine 3 with the only difference being the para position of the amine on the 

benzene ring(Chapter 5, Section 5.9). Due to the linearity of the chain in its minimised energy state 

compared to amine 3, there would be a higher level of entanglement and tighter packing, which would in 

turn reduce the free volume(Chapter 6, Section 6.2.2) of B7 compared to B3. 

7.4.2 Loss modulus 
 Formulations B4, B3, B7, and B6 have the highest loss modulus Tg(Chapter 7, Section 7.3), implying 

that they have relatively high crosslinking densities. The variation in amine structure can help explain the 

shape of the loss modulus curves for these formulations. There is not a big difference between the Tg 

temperatures of these four systems, but their loss modulus curves can help identify the network 

characteristics. B7 has a low intensity and a broad viscous response, this indicates heterogeneity within 

the formed network. Considering the structure of amine 7(Chapter 5, Section 5.9) and the free volume 

extracted from the storage modulus Tg(Chapter 7, Section 7.3), B7 has the lowest free volume of all the 

formulations meaning it has the tightest packing and stacking sequences, coupled with entanglements 

between chains. The combination of these factors makes the viscous response broader, as the molecular 
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backbone of the polymer cannot dissipate energy effectively through the rigid structure. B4, B3, and B5 

exhibit a gaussian shape viscous response, the peak intensities differ very slightly. This small change could 

be attributed to the variations in the amine structures. Amine 4 has a four aromatic ring long structure 

with no side chains or central bridging groups, in its minimised energy state (Chapter 5, Section 5.9) the 

ability to form entanglements is reduced, despite the high crosslinking density of B4 the ability of the 

molecular chains in the polymer backbone are less hindered than in B7, which allows it to dissipate energy 

more effectively through heat. B3 has a slightly higher loss modulus than B4 and B7, this could be 

attributed to the higher amount of free volume present(Chapter 7, Section 7.3) in B3, as the meta linkage 

of amine 3 on the benzene ring causes a steric effect on its surroundings(Chapter 5, Section 5.9). Even 

though amine 3 has a high crosslinking density and the potential to cause entanglements, the meta linkage 

seems to be the governing factor as it increases free volume. This allows B3 to dissipate more energy 

through the polymer backbone effectively compared to B4 and B7. Formulation B6 exhibits the highest 

loss modulus intensity in this range, compared to the other amines, amine 6 has a non-symmetrical 

structure(Chapter 5, Section 5.9) which would promote the presence of free volume(Chapter 7, Section 

7.3) in the system. Furthermore, the presence of methyl side chains would also contribute to the free 

volume present in the system, this would allow for more effective transfer of energy through the polymer 

backbone. The next set of formulations which exhibit relatively close loss modulus Tg are B1, B5, and B2. 

Like the previous systems the variation in their amine structure can help explain the loss modulus 

response. Formulations B1 exhibits the highest Tg of the three systems, based on the viscous response it 

can be seen there is some level of heterogeneity in the formed network. The high storage modulus Tg 

shows a low amount of free volume(Chapter 7, Section 7.3) is present in the system, this couple with the 

relatively high crosslinking density, would inhibit the potential of the structure to dissipate effectively 

through the polymer backbone. Formulation B5 shows a higher loss modulus intensity, and a broad 

response indicating a non-homogenous network formation. The storage modulus Tg indicates more free 

volume(Chapter 7, Section 7.3) present in the system, this could be attributed to presence of the large 

methylene central bridge in amine 5(Chapter 5, Section 5.9). This would enable energy to be dissipated 

effectively through the polymer chain, as more space is available for the polymer backbone to deform 

freely. Finally, formulation B2 has the lowest loss modulus and storage modulus Tg, meaning it has the 

highest free volume and the lowest crosslinking density of all the systems(Chapter 7, Section 7.3). This 

could be attributed to the structure of amine 2(Chapter 5, Section 5.9), even though it has a small compact 

chain, the presence of the methyl groups can have a steric effect on the reactive amine sites and inhibit 

tighter packing and stacking sequences. 
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7.5 Summary 
This chapter looked at the change in viscosity with a dynamic temperature ramp, this was related to the 

reaction kinetics and mechanism discussed in Chapter 5. The mechanical properties of the cured 

formulations were also analysed, the transition from elastic to viscous behaviour and the damping factor 

of the cured systems was analysed. These characterisations were used in conjunction with the thermal 

degradation and fire testing data, by using the predicted network formation and its effect on thermal 

stability. The next chapter looks at the thermal degradation and fire testing analysis of the formulations. 

 

 

 



 

 

 

 

 

 

 

 

 

 

8 Thermal 

degradation & fire 

testing 
 

 

 

 

 

 



Chapter 8 – Thermal Degradation & Fire Testing  Jibran Sajjad Yousafzai 

149 
 

8.1 Thermogravimetric Analysis 
 Thermogravimetric analysis (TGA) was conducted on all the cured formulations in both nitrogen 

and air environments to determine their thermal and thermo-oxidative stability respectively. In both cases 

the samples were heated from (30-700°C) at 10°C min-1.  

8.1.1 Analysis of the thermal stability of the cured formulations 
 The thermal stability is discussed first and the mass loss scans for all the formulations are shown 

in Fig. 8-1 and the corresponding first derivative traces are shown in Fig 8-2. 

 

Figure 8-1 - TGA thermograms of all cured formulations in nitrogen 

 The onset of degradation varies between the formulations, ranging from around 275-400°C. The 

char yields at 700°C also exhibit a wide range from 13% up to 30%. This would a variety of different 

degradation mechanisms are occurring as the profiles vary so widely. The change in degradation 

mechanism would be down to the types of bonds present in the amine and the epoxy, and the type of 

network formation which occurred during curing. The degradation characteristics for similar systems in 

literature are shown in Table 8-1. The types of bonds and their associated energies for the selected 

formulations are shown in Table 8-2. 
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Table 8-1 - DTG peaks and char yields for similar amine cured epoxy systems in air and nitrogen[229] 

Formulation DTG peak nitrogen °C Char yield % DTG peak air °C 

DGEBA-DDE 304 38 269 

DGEBA-DDM 310 36 273 

DGEBF-DDM 348 43 257 

TGMDA-DDM 271 34 286 

 

In general, the degradation mechanism of polymers are free-radical processes initiated by bond 

dissociation at the temperature of pyrolysis, where linear aromatics and cyclic structures promote char 

formation in an inert atmosphere [230]. The thermal degradation mechanisms of aromatic amine-cured 

glycidyl epoxy resins involve dehydration reactions, along with a homolytic scission of aliphatic carbon-

carbon, carbon-oxygen, and carbon-nitrogen bonds. The main reactions to consider are dehydration with 

the formation of a double bond in the chain, double bond isomerisation, and allyl-oxygen bond scission 

[231]. The overall degradation mechanism will be affected by the bonds present, as well as the level of 

aromaticity present in the system. Furthermore, the crosslinking density and molecular structure of the 

reacting constituents, will also have a considerable effect on the degradation mechanisms.  

Table 8-2 - Types of bonds present and their associated bond energies 

Bond C-S C-N C-C C-O N-H C-H S=O C=C 

Total Energy 259 305 348 358 391 413 523 614 

Formulation Total bond energy 

B1 518 610 - - 1564 - 1046 7368 11106 

B2 - 610 2088 - 1564 5782 - 7368 17412 

B3 518 610 - 1432 1564 - 1046 14736 19906 

B4 - 610 348 1432 1564 - - 14736 18690 

B5 - 610 1392 1432 1564 2478 - 14736 22212 

B6 - 610 2784 - 1564 4956 - 11052 20966 

B7 518 610 - 1432 1564 - 1046 14736 19906 

Epoxy   2088 2864  4956  7368 17276 

  

The char yield depends on the amount of carbon in present in the system, more specifically 

aromatic carbons as they are more thermally stable at higher temperatures than non-aromatic carbons. 

The mass loss obtained from the TGA in nitrogen tells us the char yield, which is the remaining carbon 

content which has not been oxidised. The weight loss is dependent on the stability of the benzene ring, as 
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well as the crosslinking density of the system. Having high electronegative groups on the benzene ring, can 

interfere with the electron density of the benzene ring, hereby increasing or decreasing thermal stability.  

 This analysis was taken a step further by looking at the first derivative of the TGA thermogram, 

which yields more information about the individual mechanisms which occur during the degradation 

process. The first derivative peaks for each of the formulations were deconvoluted using Origin, which 

breaks up the peak into its individual contributors. 

Table 8-3 - key TGA degradation parameters in nitrogen 

System T10% (°C) T20% (°C) T30% (°C) D1 (°C) Yc (%) 

B1 383 394 402 411 24 

B2 374 387 393 399 13 

B3 399 409 416 414 30 

B4 375 388 401 392 22 

B5 374 386 396 384 20 

B6 378 388 397 389 17 

B7 386 401 416 403 27 

Key: T10% = 10% mass loss, T20% = 20% mass loss, T30% = 30% mass loss, D1 = max degradation 

temperature, Yc = Char yield 

The first derivate scan for all the formulations in nitrogen in shown in Fig 8.2 

 

Figure 8-2 - First derivative of TGA thermogram for all formulations 
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8.1.2 Deconvolution analysis of thermal stability  
In order to understand the individual contributions from the non-aromatics, aromatics and the 

bond energies towards the degradation mechanism, a deconvolution analysis was conducted, and the 

individual peak distributions were analysed. 

Table 8-4 - showing aliphatic and aromatic bond energies, temperature peaks against loss and 
storage modulus 

Formulation B2 B3 B4 B5 B6 B1 B7 

Non-aromatic Peak 370 375 379 381 385 387 392 

Bond Energy 10044 5170 3954 7476 9914 3738 5170 

LM Tg (Crosslinking density) 103 118 119 104 116 104 117 

SM Tg (Free volume) 102 115 115 114 109 117 128 

Formulation B6 B5 B2 B7 B4 B3 B1 

Aromatic Peak 397 398 400 406 407 408 412 

LM Tg (Crosslinking density) 116 104 103 117 119 118 104 

SM Tg (Free volume) 109 114 102 128 115 115 117 

Char Yield % 17 20 13 27 22 30 24 

 

Table 8-5 - Deconvolution analysis for all formulations 
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 The deconvoluted spectra shown in Table 8-5 show the individual contribution of the bonds in the 

system during the degradation mechanism. This is followed by the breakdown of the aromatics in the 

system and charring process occurring throughout the mechanism. Formulation B2 has the lowest non-

aromatic peak temperature shown in Table 8-4, despite having the highest bond energy this could be 

attributed to B2 having the lowest crosslinking density and the highest free volume of all the formulations 

(Table 8-4). The next peak is B3, which is higher due to the higher crosslinking density and lower free 

volume of formulation B3 (Table 8-4), but it has a much lower bond energy than B2. This is followed by B4, 

which has a similar free volume to B3 but a slightly higher crosslinking density (Table 8-4) but has a lower 

bond energy than B3. The next peak is B5, which has a much lower crosslinking density than B4 and B3, 

but a similar free volume (Table 8-4), but has a higher bond energy than B4 and B3. This is followed by B6, 

which has a higher crosslinking density than B5, but a lower free volume (Table 8-4), but has a higher bond 

energy than B5 and B4. The next peak is for B1, which has a lower bond energy and lower crosslinking 

density than B6, but a lower free volume compared to B6 (Table 8-4). Finally, B7 has the highest peak 

temperature as it has the lowest free volume and a higher crosslinking density than B1, and a slightly 

higher bond energy than B1. The combination of crosslinking density and the free volume along with the 

associated bond energies of the bonds present, would have an impact on the peak temperature of the 

non-aromatic contribution during the degradation mechanism. The overall variation between the peak 

temperatures between the blends was 15°C, which is probably due to the close nature of the reactive 

groups and small differences between their molecular structures. More analysis would need to be 

conducted to quantitatively assess the variation in the peak temperatures. 

 The variation of the breakdown of the aromatics in the system can also be analysed, this can be 

related to the aromatic peaks in the deconvoluted spectra. The first aromatic peak is for B6, this could be 

attributed to the high free volume present in the system, despite having a high crosslinking density. 

Another factor could be the thermal stability of the aromatic rings, which could be deduced from the char 

yield obtained (Table 8-4). As well as the impact of the highly electronegative -N and the cranked structure 

of amine 6 (Chapter 5, Section 5.8), the overall thermal stability of B6 is reduced as a result. The next peak 

is for B5, which has a lower crosslinking density than B6, but a lower free volume than B6. It also exhibits 

a higher char yield than B6 meaning its aromatic rings are slightly more stable. This could be shown by the 

presence of -N and -O groups in the molecular structure along with the presence of electron donating 

methyl groups in the central bridge (Chapter 5, Section 5.8), and their positions which help to maintain the 

thermal stability of the aromatic rings in B5. The next peak is from B2, despite having the lowest 

crosslinking density and the lowest free volume, it has a higher aromatic peak degradation temperature 

than B6 and B5. This could be attributed to the presence of the highly electron donating groups on the 

amine 2 (Chapter 5, Section 5.8), which would reduce the effect of the highly electronegative -N group on 

the stability of the aromatic rings. The next peak is from B7, which has the lowest free volume and a higher 
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crosslinking density than B2, B5 and, B6. The presence and positioning of the electronegative groups on 

the molecular structure of amine 7 (Chapter 5, Section 5.8), help to mitigate the effect on the stability of 

the aromatic rings. B4 has the next highest peak temperature, as it has a higher crosslinking density than 

B7 but a high free volume than B7. Due to the positioning of the -O groups in the central bridge (Chapter 

5, Section 5.8), the higher electronegativity of the -O compared to -N, helps to improve the stability of the 

aromatic rings by reducing the delocalisation of the electron cloud. The next peak is from B3, which has a 

similar crosslinking density to B4 and a similar free volume (Chapter 7, Section 7.3). The higher peak 

temperature could be attributed to the presence of the highly electronegative sulfonyl bridge and the 

oxygen bridges in the molecular structure (Chapter 5, Section 5.8). This would reduce the delocalisation of 

the electron density around the aromatic rings, hereby increasing their thermal stability. Finally, 

formulation B1, has the highest aromatic peak degradation temperature. Despite it having a lower 

crosslinking density than B3, but it has a lower free volume than B3. The presence of the sulfonyl bridge in 

the molecular structure of amine 1 (Chapter 5, Section 5.8), would reduce the effect of the highly 

electronegative nitrogen and reduced the delocalisation of the electrons on the benzene rings, hereby, 

increasing the thermal stability of B1. 
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8.2 Analysis of the thermo-oxidative stability of the cured formulations 
 The cured formulations were also analysed in air under the same heat rate, as this can determine 

their oxidative degradation. The presence of air facilitates complete combustion during the degradation 

process (i.e., a char yield, Yc of zero), compared to the nitrogen run the air run is more representative of 

the degradation mechanism.  

 

Figure 8-3 - TGA thermograms of all the cured formulations in air 
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Table 8-6 - Key degradation parameters in air 

Air 

System T10% (°C) T20% (°C) T30% (°C) D1 (°C) 

B1 384 396 406 396 

B2 375 388 399 406 

B3 395 407 417 416 

B4 373 400 454 374 

B5 370 391 439 374 

B6 376 391 424 380 

B7 381 412 439 420 

Key: T10% = 10% mass loss, T20% = 20% mass loss, T30% = 30% mass loss, D1 = max degradation 

temperature, NB = Char yield reduces to 0 for at 700°C for all formulations 

 A number of factors influence thermal-oxidative stability, such as crosslinking density and bond 

energy in the system. The thermal stability of each formulation varied throughout the degradation 

mechanism, this could be due to the variation in the total bond energy of each amine, the predicted free 

volume, and the predicted crosslinking density. Furthermore, the products formed in the first stage of the 

degradation process could also oxidise. 

8.3 Discussion 
Amine 2 has the highest aliphatic content of all the amines, which would explain the low 

temperature of the aliphatic peak from the deconvoluted spectra. Amine 6 has the second highest aliphatic 

content of all the amines but formulation B6 exhibits a slightly higher aliphatic peak degradation compared 

to system B2 (Chapter 8, Section 8.1.2). The types of bonds present in both formulations are quite similar, 

with small variations in the number of each type of bond, for example amine 2 has slightly more C-H bonds 

and amine 6 has slightly more C-C bonds. The slight difference in the temperature of the aliphatic peak, 

could be due to the higher free volume present in formulation B2 compared to system B6, this is confirmed 

by the storage modulus Tg for both formulations (Chapter 7, Section 7.3). Amine 5 has the third highest 

aliphatic content of all the amines, the aliphatic peak falls between  formulations B2 and B6. This could be 

due to the lower amount of C-H bonds present in the amine 5, but this is compensated by the presence of 

C-O bonds, which are not present in Amine 2 and Amine 6 (Chapter 8, Section 8.1.2). Given that 

formulation B5 has a higher storage modulus Tg (Chapter 7, Section 7.3) than systems B2 and B6, the 

relatively close range of the aliphatic peaks could be attributed to numbers of bonds and their associated 

bond energies. Amines 3 and 7 have identical aliphatic content in their respective systems (Chapter 8, 

Section 8.1.2), the only difference being that the free volume is higher in formulation B3 than in system 

B7. This is shown by the storage modulus Tg (Chapter 7, Section 7.3), this would explain the lower aliphatic 
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peak in formulation B3 than in system B7. Compared to B2, B6 and B5, both systems B3 and B7 exhibit 

lower free volume as shown by the storage modulus Tg temperatures (Chapter 7, Section 7.3). The lack of 

the C-H bond in amine 3 could be the reason for its lower aliphatic degradation peak, which is only a few 

degrees higher than formulation B2. But is lower than systems B6 and B5, which could be a combination 

of the presence of higher bond energy bonds being present in amine 6 and amine 5 (Chapter 8, Section 

8.1.2). Formulation B7 is the highest of all due to it having the lowest free volume, even though its bond 

energies are very similar to B3. Amine 4 has the second lowest aliphatic content of all the amines, amine 

4 and 5 have very close bond types, with amine 5 having slightly higher bond energies which could explain 

the slightly higher aliphatic degradation peak of formulation B5 compared to system B4 (Chapter 8, Section 

8.1.2). Given their storage modulus Tg temperatures are very close, indicating the amount of free volume 

in both systems is very close (Chapter 7, Section 7.3). Which would imply the governing factor for the 

variation in peak aliphatic degradation temperature, would be the type of aliphatic bonds present and 

their associated dissociation energies. Finally, amine 1 has the lowest aliphatic content of all the amines, 

formulation B1 exhibits the second lowest free volume after system B7 as shown by the storage modulus 

Tg temperatures (Chapter 7, Section 7.3). Comparing formulation B1 to system B6, they have a relatively 

close aliphatic degradation temperature, even though amine 6 has higher bond energies than amine 1, the 

difference in free volume between the two formulations plays a crucial role in their degradation 

mechanisms. As more heat is able to penetrate the formed network in B6 than in B1. A similar analysis 

could be done for the aromatic degradation peak 

 Formulation B2 exhibited the lowest thermal-oxidative stability at higher temperatures, this could 

be attributed to it having the lowest crosslinking density and the highest free volume (Chapter 7, Section 

7.3), despite having a high total bond energy. B1 exhibits a higher thermal stability than B2, as it has a 

much lower predicted free volume than B2, and a slightly higher crosslinking density. Furthermore, the 

reduced level of entanglements, reduced hydrogen bonding , and dipole-dipole interactions due to the 

smaller structure of both amines(Chapter 5, Section 5.9) could also influence the thermal-oxidative 

stability (Chapter 7, Section 7.2). Formulation B6 has a higher crosslinking density than B1 and B2, but its 

free volume falls between B1 and B2. The thermal stability could be attributed to the much higher 

predicted crosslinking density of the system (Chapter 7, Section 7.3). Formulation B3 has a higher 

crosslinking density than B6 and a lower free volume(Chapter 7, Section 7.3), which could explain the 

increase in thermal stability at higher temperatures. Formulation B5 exhibits a lower predicted crosslinking 

density and slightly higher predicted free volume than B3(Chapter 7, Section 7.3), the slightly higher 

thermal stability could be due to the slight variation in amine structure and the steric effect induced by 

the large methylene bridge on amine 5 (Chapter 5, Section 5.9). Formulation B7 has the lowest predicted 

free volume of all the systems, and a relatively high crosslinking density(Chapter 7, Section 7.3). These 

factors could influence the higher thermos-oxidative stability of B7 at higher temperatures. Finally, 
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formulation B4 has the highest predicted crosslinking density of all the systems, and a lower predicted free 

volume(Chapter 7, Section 7.3) than B7, but this could be due to the potential high pi-stacking and 

hydrogen bonding present in B4 (Chapter 7, Section 7.2). Both nitrogen and air runs give an insight into 

the composition of the formulations, where testing in nitrogen is usually to determine the moisture 

content, as well as the volatiles which are released by the degradation of organic compounds. Whereas 

the runs in air facilitates complete combustion and shows the level of inorganics present in the 

formulations. 

8.4 Analysis of Fire Behaviour of Cured formulations using Cone calorimetry 
 Cone calorimetry was conducted on all the cured formulations, by applying a heat flux of 50 kWm-

2 to three identical 100 mm x 100 mm x 4 mm plaques. The key parameters to extract from cone 

calorimetry include, but are not limited to heat release rate, mass loss %, smoke release, effective heat of 

combustion, time to ignition, time to flame out, and total smoke release. The selected parameters are 

shown in Table 7.5. 

Table 8-7 - fire testing parameters for all the formulations 

3 Sample AVG Baseline 977-2 B1 B2 B3 B4 B5 B6 B7 

TTI (s) 65.3 58.7 63 59.7 27.7 65.7 64.3 24.7 

FO (s) 441 371 514 424 430 404 327 472 

PHRR (kWm-2) 705 933 1000 939 819 848 789 648 

TSR (m2/m2) 3064 3123 6280 3894 4457 4823 4451 3363 

COY (kg/kg) 3.16 2.92 2.06 1.83 6.62 2.38 1.47 2.15 

CO2Y (kg/kg) 32.3 17.1 50.6 17.3 40.6 28.1 28.4 26.8 

Yc (%) 20.7 15.9 6.43 12.8 18.1 9.81 7.41 17.9 

Key: TTI = Time to ignition, FO = Time to flame out, PHRR = Peak heat release rate, TSR = Total smoke 

release, EHC = Effective heat of combustion, COY = Carbon monoxide yield, CO2Y = Carbon dioxide 

yield, Yc = Char yield 

 The fire testing parameters for similar amine cured epoxy systems are shown in Table 8-8. 

Table 8-8 - fire testing properties of epoxy amine systems in literature [232] 

Formulation TTI PHRR Yc % CO yield CO2 Yield 

DGEBA-DDM 50 1725 16.2 - - 

DGEBA-DDS 40 1208 14.4 - - 

DGEBA-MeTHPHA 28 1150 2.0 0.065 1.959 

DGEBA-PEI 58 1770 3.2 - - 

DGEBA-BIM 40 1335 12.5 - - 
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8.4.1 Heat release rate  
The heat release rate is considered to one of the most important parameters in determining fire 

performance of materials. The heat release rate is determined by a number of processes, the first being 

the combustion of hydrocarbon volatiles released from the decomposing polymer. Polymers which release 

a high amount of organic volatiles, usually tend to exhibit higher heat release rate values [233]. The heat 

release rate tends to vary during the combustion process of polymers, the peak heat release rate is when 

the decomposition process is at its maximum, whereas the average heat release rate is the total heat 

released over a period of time. The overall temperature of the fire will have a significant influence on the 

heat release rate of the polymer, as the heat released increases with increasing heat flux as the rate of 

decomposition increases, which in turn increases the yield of combustible volatiles [233].  

 

Figure 8-4 - average heat release rate for all formulations based on 3 identical samples 

As shown in Table 8.7, formulation B7 has the lowest PHRR, followed by a large jump to system 

B6. After which the PHRR increases through formulation B4 and B5, followed by a jump to system B1 and 

B3. Formulation B2 had the highest PHRR compared to the other systems. Compared to the baseline 

material, only formulation B7 had a PHRR below the value of the baseline material. B7 exhibits the lowest 

free volume of all the formulations, coupled with a high level of crosslinking which was obtained from the 

storage and loss modulus (Chapter 7, Section 7.3). The high level of intermolecular interactions could also 

play a role, the potential for high dipole-dipole interactions coupled with hydrogen bonding and 

entanglements, these factors could improve the thermal stability of the system(Chapter 7, Section 7.2). 

Formulation B6 has a close crosslinking density to B7 but has a much lower free volume. The increase in 

PHRR could be attribute to the higher free volume in B6. Despite B4 having a higher crosslinking density 

and lower free volume (Chapter 7, Section 7.3), it exhibits a higher PHRR than B6. This could be attributed 
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to the higher level of entanglement possible in B6 due to amine structure(Chapter 5, Section 5.9), whereas 

in B4 due to the linear structure of amine 4 (Chapter 5, Section 5.9) less entanglements are possible, but 

more pi-stacking can occur due to the proximity of the benzene rings. Formulation B5 has relatively similar 

free volume to B4, but a lower crosslinking density (Chapter 7, Section 7.3). The lower crosslinking density 

could be a factor in the increase of the PHRR. Formulation B1 has a close free volume to B5 and B4, and a 

similar crosslinking density to B5. The higher PHRR could be attributed to the structure of amine 1 (Chapter 

5, Section 5.9), as it would exhibit the lowest entanglements due to its compact nature and a reduced 

effect of intermolecular forces (Chapter 7, Section 7.2). Formulation B3 has a slightly higher free volume 

than B1 but a much higher crosslinking density than B1 (Chapter 7, Section 7.3). Their PHRR values are very 

close, and the small variation could be attributed to a number of unknown variables. Finally, formulation 

B2, exhibited the highest PHRR, this could be attributed to it having the highest free volume and the lowest 

crosslinking density (Chapter 7, Section 7.3) of all the cured systems . 

Table 8-9 - Peak heat release rate for all formulations 

Formulation B7 B6 B4 B5 B1 B3 B2 BL 

PHRR / kWm-2 647 789 819 848 933 939 1000 705 

Key: PHRR = Peak heat release rate 

8.4.2 Char yield  
The char yield is the remaining material left after thermal decomposition, it indicates the level of 

aromaticity and the residual inorganic content, and thermal stability of the existing bonds and crosslinks 

in the system. As discussed in (Chapter 7, Section 7.2), the aromatic content and its thermal stability will 

influence the char yield of the selected formulations. The results obtained from cone calorimetry matched 

the results obtained in the TGA analysis in nitrogen closely. Having said this the conditions differ greatly 

between the two techniques, in TGA the char yield was obtained in an inert environment on a small sample 

size, whereas, in cone calorimetry the char yield was obtained in air and on a larger sample size, which 

could have induced bulk effects.  
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Figure 8-5 - average char yield for all formulations based on 3 identical samples 

As shown in Fig 8.12 formulation B2 has the lowest char yield of all the systems, followed by a 

steady increase through formulation B6, B5, B3 and B1. Finally, system B7 and B4 have the highest char 

yield of all the formulations. Compared to the baseline material, all the formulations exhibited a lower 

char yield than the baseline material. Based on the thermos-oxidative analysis in (Chapter 8, Section 8.2), 

systems B4 and B7 exhibited the highest residual mass, which matches the thermal stability of these 

systems at higher temperatures. Formulation B3 exhibits a residual mass which is halfway between the 

systems, which matches its thermal-oxidative stability. Formulation B2 exhibited the lowest residual mass, 

which also agrees with the thermal stability obtained in the TGA in air. Systems B1, B5, and B6 exhibit slight 

variations in the residual mass, but this could be attributed to a number of factors associated with the 

various degradation pathways.  

Table 8-10 - Residual mass % for all the formulations 

Formulation B2 B6 B5 B3 B1 B7 B4 BL 

Residual mass % 6 7 10 13 16 18 18 21 

 

8.4.3 Smoke production  
Smoke production from combustion of polymers is crucial in determining the fire performance, 

the composition of the smoke and the amount produced can have a severe impact during and in post fire 

situations. The greatest hazard being the toxicity levels of the smoke being produced, as polymers are 

organic materials and tend to release volatiles during pyrolysis. Another factor which can be determined 

from the amount of smoke released from a decomposing polymer, is the level of porosity of the resulting 

crosslinked structure. Where a higher porosity at the network scale in the cured system would allow more 
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smoke to be released, which would be hazardous depending on its toxicity, but a lower level of porosity 

would reduce the amount of oxygen getting into the pyrolysis zone, which can promote incomplete 

combustion and the production of carbon monoxide.  

Table 8-11 - Total smoke release, carbon dioxide, and carbon monoxide emission for all formulations 

Formulation B1 B7 B3 B6 B4 B5 B2 BL 

TSR 3123 3363 3894 4451 4457 4823 6280 3064 

Pore size / mm - - 0.887 0.706 1.48 0.974 0.602 - 

CO2 17 27 17 28 41 28 51 - 

CO 2.92 2.15 1.83 1.47 6.62 2.38 2.06 - 

TSR = total smoke release, CO2 = carbon dioxide, CO = carbon monoxide 

Formulation B1 has the lowest smoke production, followed by a steady increase through system 

B7, B3 and B6. Formulation B4 stays relatively similar to system B6, after which there is a small increase to 

system B5, followed by a large increase in smoke production for formulation B2. Compared to the baseline 

material, all the formulations exhibited a higher smoke production than the baseline material. Formulation 

B1 and B7 exhibited the lowest smoke release, as there was no significant porosity observed through SEM 

analysis (Chapter 8, Section 8.5). Systems B3 showed a higher smoke release than B1 and B7, this could be 

attributed to the higher average pore size in B3. Even though amine 3 and amine 7 have very close 

structures, the difference in porosity could be attributed to the meta linkage of the reactive amine on the 

benzene ring, as in its minimised energy state it would reduce packing and stacking in the system(Chapter 

5, Section 5.9). Followed by B6 which despite having a lower average pore size(Chapter 8, Section 8.5), 

exhibited a higher smoke release than B3. As shown in the SEM analysis (Chapter 8, Section 8.5), B6 had 

larger voids in its char structure as compared to B3 which had regions with and without porosity. This could 

be attributed to the rigid non-symmetrical nature of amine 6(Chapter 5, Section 5.9) as it would create a 

branched structure, whereas amine 3 has a long chain with mobility around the oxygen bridge(Chapter 5, 

Section 5.9) which would allow better packing in the system.  B4 and B6 exhibit very close smoke release 

values, even though B4 has a much higher average pore size than B6(Chapter 8, Section 8.5). This could be 

attributed to structure of amine 6 and amine 4(Chapter 5, Section 5.9), amine 6 has a highly branched rigid 

structure non-symmetrical structure, which explains the varied regions in its pore distribution and char 

structure in the SEM analysis. Whereas amine 4 has linear chain structure which would allow for better 

stacking and packing, which is shown by the large regions exhibiting no porosity in the SEM 

analysis(Chapter 8, Section 8.5). Formulation B5 exhibited a higher smoke release than B4, this could be 

attributed to the large methylene bridge present in amine 5(Chapter 5, Section 5.9), which would sterically 

influence the packing and stacking of the chains and increase free volume. This is evidenced by the varied 

pore distribution shown in the SEM analysis for B5 (Chapter 8, Section 8.5). Finally, system B2, has the 
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highest smoke release of all the formulations, this could be attributed to the highly branched and rigid 

nature of amine 2(Chapter 5, Section 5.9), which would cause large voids and regions of high porosity. This 

is evidenced by the SEM analysis of B2, even though the average pore size is smaller in B2 the smoke 

release is higher than B5, which could be due to the large voids present in B2 as compared to the more 

varied pore and void distribution in B5 (Chapter 8, Section 8.5).  

 

Figure 8-6 - average CO2 and CO production for all based on 3 identical samples 

The CO emission from formulations B1 and B7 are higher than system B3, this could be due to the 

lack porosity in B1 and B7 (Chapter 8, Section 8.5) which would cause incomplete combustion to occur. 

Whereas in B3 the presence of pores allows more oxygen to enter the pyrolysis zone and facilitates 

complete combustion. Formulation B6 has a lower CO emission than B3, this could be due to the large 

voids and varied porosity of B6 across the char(Chapter 8, Section 8.5). Whereas formulation B3 has 

regions of high and regions of no porosity(Chapter 8, Section 8.5), this would allow more oxygen to 

penetrate in system B6 and facilitate complete combustion. B4 has the highest average pore size of all the 

formulations, but low level of porosity as shown in the SEM analysis (Chapter 8, Section 8.5) would cause 

an increase in the CO emission as less oxygen is getting into the pyrolysis zone. Formulation B5 exhibits a 

CO emission higher than B3 and B6, this could be due to the larger pore size and varied pore distribution 

throughout the char structure(Chapter 8, Section 8.5). Formulation B2 has a lower pore size than B5 but 

has larger voids and high porous regions, compared to B5 having a less porous char structure. 

8.4.4 Time to ignition  
Time to ignition is an important parameter for fire performance, as it defines how quickly flaming 

combustion will occur in a material once it has been exposed to a heat source. As the amount of flammable 

volatiles at the polymer/fire interface reaches a critical concentration, then ignition and combustion will 
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occur. The time between the exposure to the heat source and the onset of flaming combustion, is defined 

as the time to ignition. The ignition time is also dependent on the heat flux applied to the material, as a 

low heat flux would not heat the polymer to its pyrolysis temperature. Different polymers have varying 

critical heat fluxes above which the time to ignition times start to decrease. Increasing the heat flux 

increases the production rate of hydrocarbon volatiles, but with increased aromaticity in the system, and 

the production of char the ignition times can be delayed. Other factors such a thickness of the material 

can also influence ignition times and polymer content, with thicker samples due to the bulk material having 

longer ignition times, and a lower polymer content would also reduce ignition times as there is less organic 

material available to generate flammable volatiles.  

 

Figure 8-7 - average time to ignition for all formulations based on 3 identical samples 

As shown in Fig  formulation B7 and B1 exhibit the lowest TTI, compared to the rest of the systems. 

There is a large increase from formulation B4 to B1, after which the TTI increases steadily through system 

B2, B3, B6 and B5. By comparing the TTI of the systems to that of the baseline material, it can be seen that 

the only formulation to have a slightly higher TTI than the baseline was system B5. The time to flame out 

is defined as the time taken from when flaming combustion has begun, to the point where the flame self-

extinguishes. This can be affected by the polymer content of the material, as more organic material present 

will feed the flame, as the decomposition of the organics into volatiles increases with time. This will be 

mitigated and reduced by a higher level of char, as char reduces the flame spread and protects the bulk 

material from the pyrolysis zone. As shown in Fig  formulation B6 exhibited the lowest time to FO , followed 

by an increase for system B1, B5 and B3. There is a slight increase from B3 to B4, followed by a big jump 

between B4 and B7, with formulation B2 having the highest time to FO. Compared to the baseline material, 

only system B7 and B2 had a higher time to FO. Since the same heat flux was applied to all the samples, 

B7 B4 B1 B3 B2 BL B6 B5

0

20

40

60

80

100

T
im

e
 t

o
 i
g

n
it
io

n
 /
 s

Formulation



Chapter 8 – Thermal Degradation & Fire Testing  Jibran Sajjad Yousafzai 

166 
 

the variation in TTI can be attributed to the amount of hydrocarbon volatiles produced, which provide fuel 

for ignition. Formulation B7 and B4 have the lowest TTI which indicates they release the highest level of 

hydrocarbon volatiles during pyrolysis, followed by systems B1, B3, B2, B6, and B5 which exhibit relatively 

close    ’s. 

Table 8-12 - Time to ignition and time to flame out for all formulations 

Formulation B7 B4 B1 B3 B2 B6 B5 BL 

TTI / s 25 28 59 60 63 64 66 65 

FO / s 472 430 371 424 514 327 404 441 

Burn time / s 447 402 312 364 451 263 338 376 

TTI = time to ignition, FO = flame out 

  

8.5 Microscopic analysis of charred polymer formulations 
Once the cone testing was conducted on all the samples, the chars obtained from the testing were 

analysed by SEM to determine the char structure and nature of the resulting porosity. This was important 

as the structure of the char and the porosity, are crucial characteristics  during and post pyrolysis.   

Table 8-13 - average pore sizes and associated standard deviation for each formulation ( n=10) 

Formulation B1 B2 B3 B4 B5 B6 B7 

Average pore size - 0.602 0.887 1.48 0.974 0.706 - 

Standard deviation - 2.02 2.63 2.63 1.96 1.88 - 

 

The char obtained from formulation B1, exhibited  charring containing relatively few pores. The 

lack of porosity could be attributed the smaller monomer structure of amine 1 (Chapter 5, Section 5.9), 

coupled with its crosslinking density (Chapter 7, Section 7.3), could facilitate tighter packing as the 

monomer is a relatively small chain. 
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Figure 8-8 - Char and SEM analysis for formulation B1 

In contrast, the char obtained from formulation B2, exhibited a very porous structure with an 

average pore size of 0.602 mm. Which falls within the macropore category for overall pore size. This could 

be attributed to the highly branched nature of amine 2 (Chapter 5, Section 5.9), despite it having a small 

structure similar to amine 1, the presence of the bulky methyl groups on the aromatic rings, could sterically 

hinder the formation of a more tightly packed network architecture. As shown in Section 6.2, B2 has a 

lower crosslinking density (Chapter 7, Section 7.3) compared to B1, which further supports this hypothesis. 

  

Figure 8-9 - Char and SEM analysis for formulation B2 

 The char obtained from formulation B3, exhibited a fairly porous structure with an average pore 

size of 0.887 mm. Amine 3 has a long structure compared to amines 1 and 2, and the comparatively free 

rotation around the oxygen bridge and the meta substituted amino group with respect to the linkage 

confers a relatively high large radius of gyration (Chapter 5, Section 5.9). This could facilitate crosslinking 

and chain extension in various orientations. The crosslinking density of B3 was shown to be lower than B1 

and B2 (Chapter 7, Section 7.3), this could be attributed to the linearity of amine 3. The molecular mobility 

possible in the chain, could facilitate chain extension in some regions, and crosslinking in other regions 
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through the formulation. This could explain certain regions having a large amount of pores, and other 

regions have no visible pores. This could stem from two possible reasons, firstly, due to high intermolecular 

forces between amine 3 and the epoxy chain (Chapter 7, Section 7.1) some areas could see tighter packing 

and stacking sequences. Whereas, owing to the flexibility of amine 3 and the epoxy chain, other areas 

could have reduced packing and stacking, due to the potential change in orientation of the reactive sites, 

hereby increasing the free volume in the system. 

  

Figure 8-10 - Char and SEM analysis for formulation B3 

 The char obtained from formulation B4, exhibited a fairly porous structure with an average pore 

size of 1.48 mm. Compared to amine 3, amine 4 has a very linear structure (Chapter 5, Section 5.9) at its 

global energy minimum. The low level of porosity as seen in this formulation could be due to, the high 

level of intermolecular forces (Chapter 7, Section 7.1) between amine 4 and the epoxy chain, further 

enhanced by its linearity and potential occurrence of π-π-stacking due to the highly aromatic nature of 

both reacting constituents, formulation B4 could have a higher level of packing and stacking within the 

system. The small amount of pores which are present, could be attributed to the steric effect caused by 

the rigidity of the central bridge in amine 4, which would limit chain extension and crosslinking in a certain 

orientation. This is also supported by the crosslinking density obtained (Chapter 7, Section 7.3), where B4 

exhibits a lower crosslinking density than B1 and B2, but a slightly higher crosslinking density than B3. 
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Figure 8-11 - Char and SEM analysis for formulation B4 

 The char obtained from formulation B5, exhibited a fairly porous structure with an average pore 

size of 0.974 mm. Amine 5 is structurally similar to amines 3 and 4 having a long chain structure (Chapter 

5, Section 5.9), but with the addition of a bulkier methylene central bridging group. The presence of this 

central bridge could interfere with the pre-existing intermolecular forces between the epoxy and amine 5, 

further sterically limiting the ability of two reactive constituents to approach each other. Formulation B5 

has a higher crosslinking density (Chapter 7, Section 7.3) than B2, B3, and B4, which would explain certain 

regions have fewer pores, but due to the steric effects of the central bridge, it can be seen there is a 

considerable pore distribution throughout the formulation. 

  

Figure 8-12 - Char and SEM analysis for formulation B5 

 The char obtained from formulation B6, exhibited a fairly porous structure with an average pore 

size of 0.706 mm. The pore size and distribution is quite evident in B6, given its non-symmetrical structure 

(Chapter 5, Section 5.9) and the lowest crosslinking density (Chapter 7, Section 7.3) of all the formulations. 

The orientation of the reactive sites possibly facilitated chain extension over crosslinking, which would 
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explain the high porosity of the formulation. Furthermore, the presence of bulky methyl groups on the 

aromatic rings, would hinder the ability of the reacting constituents to tightly pack and stack together. 

  

Figure 8-13 - Char and SEM analysis for formulation B6 

 The char obtained from formulation B7, exhibited a very non-porous structure which was more 

evident compared to system B1. The final monomer amine 7, which has a similar chain length to amine 3 

(Chapter 5, Section 5.9), 4, and 5, exhibited the lowest level of porosity out of all the formulations. This is 

supported by the crosslinking density obtained (Chapter 7, Section 7.3), where B7 had the highest 

crosslinking density of all the systems. Despite having a similar structure to amine 3, amine 7 exhibits very 

different properties and characteristics. This could be down to the para-substitution of the amine group 

with respect to the benzene ring, as the structures of the amines at their global energy minima are quite 

similar (Chapter 5, Section 5.9). The para-substitution could facilitate chain extension more readily than in 

B3, furthermore, closer stacking and packing would also be possible as the chains would not be physically 

hindered by the meta position in B3. This could further enhance entanglement and potentially π-π-stacking 

in B7 rather than B3 (Chapter 7, Section 7.1), which in turn would cause a tighter packing and stacking 

sequence, coupled with the high crosslinking density the amount of free volume in the system could be 

lower. 
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Figure 8-14 - Char and SEM analysis for formulation B7 

8.6 Summary 
This chapter looked at the thermal stability of the cured formulations in air and nitrogen, the 

differences in the degradation mechanism between the two atmospheres was analysed. Their thermal 

stability was related to the free volume and crosslinking density obtained from DMTA. The types and 

number of bonds and their associated bond energies were also analysed and related to the thermal 

stability of the cured formulations. The fire performance of all the cured systems was also analysed, the 

thermal degradation characteristics were used to inform on the behaviour of the cured formulations. The 

char obtained from cone calorimetry was analysed using SEM analysis, the structure and morphology was 

analysed, and porosity was determined and related to molecular structure. The next chapter looks at the 

conclusions and potential future work.  
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9.1 Key findings  
 The objective of this research was to develop quantity structure property relationships, through 

thermal and chemical characterisation techniques. By altering the molecular structure of the amine 

hardeners and understanding the effect on the fire performance of the epoxy-amine resins. After 

determining the fire performance, this data was related to the molecular structure to formulate quantity 

structure-property relationships. The epoxy used in this study was a commercially available Bisphenol-F 

based epoxy, and the amines were all well-known commercial systems. The performance of these 

materials could be used to predict the performance of different amines and epoxies based on varying 

molecular structure. For ease of comparison between different formulations and their associated results 

from the characterisation techniques, Tables 9-1, 9-2, and 9-3 were compiled. These allow for the structure 

property relationships with regard to amine reactivity to be easily compared. 

 The differing molecular structures effected the reactivity of the amine hardeners, which altered 

their reaction mechanics during cure. This was evidenced by the variation in the DSC reaction kinetics of 

the formulations, where the reactivity of the amines had an effect on rate of reaction through the curing 

process. This was also seen in the FTIR section, where the varying concentration of expected functional 

groups, showed differences between different amine structures. The gelation properties obtained from 

rheology also differed between the formulations due to molecular structure variations, as the different 

chain lengths and side chains effected the intermolecular forces which influence gelation and network 

formation.  

Table 9-1 - key findings from DSC and Rheology related to reactivity and molecular structure 

Formulation B2 B6 B5 B1 B4 B7 B3 

Reactivity of amine 1st  2nd 3rd 4th  5th  6th  7th 

Molecular Structure Chapter 5 section 5.8 

DSC Uncured Tg 6th  5th  7th  1st  3rd  4th  2nd  

DSC Cured Tg 7th  6th  3rd  1st  2nd  4th/5th  4th/5th 

Rheology Gel Point 3rd  6th  4th  1st  7th  5th  2nd  

1st = highest value, 7th = lowest value 

 The thermal degradation of the formulations varied due to differing aromaticity in the amine 

hardeners, which is also effected the thermal stability of the cured systems. Key differences were observed 

between characterisations performed in nitrogen and air, as the degradation mechanisms become more 

complex in air. The level of crosslinking density also impacted the thermal stability of the cured 

formulations, coupled with the amount of free volume present in the cured systems. The crosslinking and 

free volume predictions also influenced the thermo-mechanical properties of the cured systems. The 
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network formation was seen to have an impact on the mechanical properties and variation in thermo-

mechanical properties over a range of dynamic temperatures. 

Table 9-2 - Key findings from TGA and DMTA related to reactivity and molecular structure 

Formulation B2 B6 B5 B1 B4 B7 B3 

Reactivity of amine 1st  2nd 3rd 4th  5th  6th  7th 

Molecular Structure Chapter 5 section 5.8 

Crosslinking Density Tg 7th  5th/6th 5th/6th  2nd 3rd  1st 4th  

Free Volume Tg 7th  6th  5th  2nd  3rd/4th 1st 3rd/4th  

Max Degradation Nitrogen 4th  6th   7th  2nd  5th   3rd  1st  

Max Degradation Air 3rd  5th  6th/7th  4th  6th/7th 1st  2nd  

 TGA Char yield 7th  6th  5th  3rd  4th  2nd  1st  

1st = highest value, 7th = lowest value 

 The fire testing characteristics of the cured formulations were also determined using cone 

calorimetry,  the results obtained displayed a range of variation in the fire testing parameters. The 

variation in amine structure seemed to have an effect of the PHRR and residual mass loss, as these are 

effected by thermal stability of the cured formulations and the level of aromaticity of the systems. 

Furthermore, the level of porosity and size of pores had an impact on the TSR of the formulations, which 

also effected the carbon dioxide and carbon monoxide emissions. 

Table 9-3 - Key findings from Cone calorimetry related to reactivity and molecular structure 

Formulation B2 B6 B5 B1 B4 B7 B3 

Reactivity of amine 1st  2nd 3rd 4th  5th  6th  7th 

Molecular Structure Chapter 5 section 5.8 

Cone PHRR 1st 6th  4th  3rd  5th  7th  2nd  

Cone TSR 1st 4th  2nd  7th  3rd  6th  5th  

Cone Char Yield 7th  6th  5th  3rd  1st  2nd  4th  

SEM average pore size 5th  4th  2nd  - 1st  - 3rd  

1st = highest value, 7th = lowest value 
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9.2 Research question 
 The research question formulated in Chapter 1 was used to create aims & objectives relative to 

the scope of the project. The aims & objectives from Chapter 1 are discussed below, and whether these 

were met during the course of this study. 

“How does altering the curing agent structure influence the fire performance of epoxy matrices as neat 

resins, and can their fire behaviour be predicted well enough to form quantitative structure property 

relationships” 

1) Determine state of the art materials and manufacturing techniques utilised in improving fire 

performance in the transport sector 

• Landscape in literature 

• Landscape in industry 

• Market gap & analysis 

• Deliver a horizon scan 

 The current materials and manufacturing practices related to polymeric materials, were analysed 

in the literature review and were specific for fire performance in the transport sector. The current practices 

and applications of these materials industry were also analysed. 

2) Determine appropriate materials and methods 

• Basic characterisation 

• Down selection of materials 

• Assessment of chosen materials 

 The materials were chosen based on commercial availability and ease of use during 

manufacturing. Basic characterisations were conducted on the selected epoxy and amines, to determine 

their characteristics and performance. These materials were then down selected based on commercial 

availability and ease of use during manufacture. The final chosen materials were assessed based on 

molecular structure, functionality, and aromaticity. 

3) Determine material performance characteristics for selected resins 

• Conduct physio-thermal characterisation 

• Conduct physio-chemical characterisation 

• Categorise characterised materials 

 The chosen materials were analysed using DSC to understand its reaction mechanism, TGA to 

understand their thermal degradation properties, FTIR to understand the variation in functional groups 

during cure, rheology to determine the viscosity characteristics of the formulations, DMTA to understand 
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the thermal-mechanical performance of the cured formulations, and cone calorimetry to understand the 

fire performance characteristics of the cured systems. 

4) Assess the properties of the char and any residual components 

• Analyse the properties of the residual char 

• Analyse the effect of different formulations on char characteristics 

• Formulate quantity structure property relationships 

• Predict performance of different formulations with similar functionalities 

 The char obtained from cone calorimetry was analysed using SEM analysis, the effects of different 

formulations on the char characteristics were analysed, by relating the parameters obtained from the 

various characterisation and forming quantity-structure property relationships. The relationships formed 

through the analysis, could be used to predict the effect of molecular structure on fire performance based 

on numerous assumptions. 

9.3 Research contributions 
 The current approach to altering fire performance characteristics consists of using fire retardants, 

which vary based on application and performance requirements. These retardants are either additive and 

are added by a weight percentage, or reactive which have a chemical reaction with the target material. 

Despite improving the fire performance of the materials, other material properties and characteristics 

could be effected by the addition of said retardants. Which would require further additions and changes 

to be made, to ensure along with elevated fire performance, other material properties are not 

undermined.  

 This work looks to alter the fire performance of selected resins, by altering the molecular structure 

of the initial reacting constituents. The molecular structure has an effect on the reaction mechanism during 

cure, and also impacts the network formation within cured thermosetting polymeric resins. This approach 

would limit the need for adding fire retardant materials, hereby ensuring that other material properties 

are not compromised. This also has an impact on the sustainability associated with this type of research,  

as less materials would be needed to achieve the similar or improved fire performance. This would further 

improve the sustainability aspect associated with fire research, where the use of limited materials would 

improve the environmental impact. This would also reduce the associated costs of the materials needed, 

and the health and safety associated with varied materials. 

9.4 Future work 
 Despite the trends observed across various characterisation methods, the study was effected by 

numerous factors which were observed during the data analysis. The characterisation methods used did 

identify material specific performance, but due to the considerable number of variables involved during 
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the reaction mechanism more characterisations were required. Despite the similar functionality of the all 

the amines used in this study, small variations in structure and presence of additional groups on the 

molecular chain have an impact on the reaction mechanism. The reverse is also true as extremely similar 

molecular structures, would cause the results to have limited variability. This would make it difficult to 

pinpoint a specific variable which has an effect on the end performance of the materials. However, in the 

case this research is carried forward there are three main factors to be considered, which will help to 

improve and enhance the strength of current study. These three factors are discussed below: 

1. Variations in the molecular structure of the monomer and the curing agents 

 The crux of this thesis was to establish and predict the relation between fire performance and the 

molecular structure of the reacting constituents. This was done in the current study, but the selection 

criteria could be enhanced, as this would improve the analysis and the prediction aspect of this study. For 

this study, a commercially available epoxy was used along with seven diamine curing agents with varying 

molecular structure. Multiple factors can affect the reaction mechanism such as polarity, crosslinking 

density, bridging groups, side chains, bond rotation, bond angles, aromaticity, chain length, etc. These 

factors individually and collectively have a significant impact on the reaction mechanism, analysing these 

parameters in detail and performing a multivariate analysis would allow relationships to be made between 

these multivariate measurements. Followed by a linear regression analysis which would allow the 

relationships between multiple variables to be modelled and be able to predict the influence of dependent 

and independent variables and rate their importance. 

2. Further characterisation tests to ensure detailed understanding of material properties 

 The current characterisations give an empirical overview of the material properties, in an uncured 

and cured state. Due to the volatile nature of molecular interactions and the numerous variables involved, 

multiple characterisations are necessary to understand material properties and behaviour. Further 

characterisations such as Mass spectroscopy could help quantify the formation of the network, by 

analysing the molecular weight of the cured formulation, which can give an insight into the crosslinking 

density and the free volume present. Supporting techniques like evolved gas analysis can be used in 

conjunction with TGA, to analyse the volatiles produced during thermal degradation, which would help 

identify the degradation pathways more accurately. On a macro scale further, mechanical testing would 

be required on the neat resin, by conducting tensile and compression testing to understand the mechanical 

behaviour. 

3. Incorporation of formulated resin in a composite laminate with fibre reinforcements 

  The current study only looks at the resin matrix, which is only a part of a composite laminate. The 

interaction between the fibres and the matrix is a crucial factor to be considered. Even though the matrix 
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behaves in a particular manner and exhibits certain properties, combining it with fibres in a laminate could 

alter the material characteristics and their behaviour. The interaction between the fibres and the matrix is 

an important factor, in determining material characteristics between the fibre/matrix interface. The 

processability of the selected resin system, would also effect the manufacturing method employed. The 

processability of the resin matrix would greatly influence the chosen molecular structure, which would 

affect the fire performance of the end-use composite laminate. 
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